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Lattice structures (LSs) have been exploited for wide range applications including 
mechanical, thermal, and biomedical structures because of their unique attributes 
combining the light weight and relatively high mechanical properties.  The first goal of this 
research is to investigate the effect of strut orientation and length on the compressive 
mechanical characteristics of body centered cubic (BCC) LS subjected to a quasi-static 
axial compressive loading using finite element analyses (FEA). In this study, two lattice 
generations were built and analyzed in commercial finite element (FE) software, 
ABAQUS/CAE 2016 using “smart procedure”, a meshing technique which was developed 
for this research to reduce the computational time and increase the accuracy of results by 
creating hexahedral mesh elements. The first generation comprises thirteen models having 
fixed strut length with strut angle variation from 40° to 100° with a step of 5°. The second 
also includes thirteen models; however, having variant strut length, kept constant for a 
single unit cell and through the entire lattice model but varied from one model to another, 
corresponding to the same strut angle variation as the first generation. Besides, there is a 
common model between the two sets, called the reference model (RM) out of which all 
other models in both sets were composed such that the total number of models adopted in 
the current study are (25), having the same strut diameter of 1mm. The RM represents the 
standard BCC configuration of 70.53° strut angle with 5mmx5mmx5mm dimensions for a 
lattice unit cell and all other models were created from it based on changing the strut angle  
iv 
 
and length with 3x3x3 unit cells in x, y and z directions. Furthermore, specimens of the 
RM were fabricated by a fused deposition modeling (FDM) technology using Acrylonitrile 
Butadiene Styrene (ABS) material and tested experimentally under compression for the 
purpose of validating the employed boundary and loading conditions. 
Predicting the mechanical characteristics and structural parameters of LSs is of high 
importance in the field of lattice design due to the fact that the lattice fabrication might be 
challenging, time-consuming or expensive. The other objective of this dissertation is to 
develop generalized closed-form equations using scaling laws and finite element methods 
(FEMs) to predict not only the compressive mechanical properties (CMPs) but also the 
geometrical parameters (GPs) with considering the effect of both lattice cell tessellations 
and material distribution at the strut intersection. For that purpose, the relative density (RD) 
is varied from 0.14-0.3 with a step of 0.02 by changing the strut diameter, corresponding 
to each strut angle from 40° to 100° with a step of 10° selected from each generation such 
that (63) models of fixed strut length and other (63) models of variant strut length were 
created. By this way, the total number of models adopted to achieve this goal are (117), all 
built and analyzed using ABAQUS/CAE 2016. The data ensuing from FE simulation of 
the axial compression test were thereafter used to find the relationships of relative elastic 
modulus (RE) with RD and relative strength (RS) with RD in order to determine Gibson 
and Ashby’s pre-factors, C1, C5 , n and m. In addition, all other GPs were correlated with 
the RD based on the measurements of the geometries of the117 lattice models using 
ABAQUS diagnostic tools. The significance of these factors is not only in predicting the 
CMPs and GPs but also in providing systematic analyses for changing the deformation 
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Chapter 1. Introduction 
 
1.1 Background and Motivation 
Lattice structure (LS) which is considered as a category of the cellular material (CM) has 
attracted much attention in the earlier studies due to its unique combination of the light 
weight and relatively high mechanical characteristics represented in its typical design. The 
ability for tailoring the mechanical properties of LSs is attributed to its periodic structure, 
thus making it a good candidate for many applications including biomedical implants, 
aerospace and automotive industries, packaging and protective systems, and thermal 
systems [1] [2] [3] [4] [5] [6] [7] [8] [9]. 
 In general, the mechanical characteristics of LSs not only depend on the bulk 
material out of which the lattice is built but also relay on the microstructural parameters 
[10] [11] [12]. First of all, the geometries of a single unit cell and entire lattice are of high 
importance in improving its mechanical characteristics. For this reason, a lot of endeavors 
to develop the physical properties of LSs were conducted by changing the size, wall 
thickness and number of unit cells [10] [13] [14] [15] [16] [17] [18] [19] [20] [21]. Most 
of them were, however, on the account of increasing the lattice volume and hence the lattice 
weight. In addition to the geometries, the shape of the unit cell or lattice cell topology plays 
a major role in determining the deformation mechanism of the lattice and hence its 




Based on that, various design configurations of LSs were reported in the earlier 
studies. Of these configurations, body centered cubic (BCC) LS has been widely 
investigated in the literature by many researchers due to the capability of additive 
manufacturing (AM)  technology to build such type of lattice topology not only with 
different types of metals but also with variant geometrical parameters [6] [17] [22] [23] 
[24] [25] [26] [27]. Recently, the demand for lighter structures in various applications 
stimulates the researchers to design BCC lattice configuration using thermoplastic 
polymers rather than metals. In this regard, at the laboratories of Wright State University 
as a kind of investigation in the field of lattice design, BCC LSs have been fabricated at a 
good level accuracy by fused deposition modeling (FDM) technology using Acrylonitrile 
Butadiene Styrene (ABS), thereby producing lighter BCC LSs with outstanding physical 
properties, which are suitable for wide-range applications [28] [29] [30] [31] [32]. In 
addition, the astonishing characteristics embedded in the topology of BCC LS, for instance 
the ability of core ventilation to eliminate the effect of moisture content and hence the 
degradation in the mechanical properties [33], along with the advancement in AM 
technology have drawn much attention of researchers and urged them to further modify its 
mechanical properties. Typically, the modifications in the mechanical characteristics of 
BCC lattice topology were conducted either by adding struts at different positions to its 
basic feature or by combining other configurations with its basic configuration, resulting 
in a significant change in the deformation mechanism of BCC LS and therefore its 
mechanical characteristics [4] [7] [17] [22] [24] [26] [28] [31] [32] [34] [35] [36] [37]. 
However, both adding struts to the BCC LS and combining other configurations with its 




geometrical shape of the lattice unit cell more complicated. According to the experimental 
work perspective, increasing the lattice volume means that the fabricated samples need 
more raw material and require longer time to be constructed using AM technology [28] 
[31] [38]. Besides, the fabrication of the LS with complicated topology is not trivial; 
whereas, it is often challenging [39]. Regarding numerical simulation based on finite 
element methods, the computational cost of modelling LS with larger size goes up due to 
increasing the number of elements per unit volume and the associated degrees of freedom 
[40] [41]. Also, it is not a straightforward procedure to computationally model a lattice 
with complicated configuration because of the difficulty in building the structure of the 
lattice and in generating uniform mesh elements with regular distribution over the lattice 
volume [35]. In fact, building and analyzing numerically a complicated lattice topology 
without putting efforts to generate appropriate mesh elements can undermine the accuracy 
of the results or increases the computational time [35] [40] [41]. 
The most significant step coming after designing any lattice topology is to test its 
mechanical performance. Indeed, there are three common methods for evaluating and 
analyzing the mechanical characteristics of LSs, including the experimental work, 
numerical approaches and analytical solutions. First, testing the mechanical deformation 
behavior of the lattice experimentally is robust, but might be expensive and time-
consuming, especially if the there are several geometrical parameters associated with a LS 
to be investigated or full analyses of the lattice behavior under various loading conditions 
are required, [13] [17] [18] [21] [42] [43]. Second, the computational approaches for 
exploring and predicting the mechanical properties of LSs based on FEMs can help to 




with it. Also, detailed information about the distribution of stresses and deformation can 
be provided by the computational modeling, which are difficult to be obtained 
experimentally. However, in order to make the computational approach work efficiently 
and provide accurate results, it should be formulated well. The formulation of an efficient 
computational model is not trivial and depends on many factors, for instance defining 
accurately the material properties as an input to the FE model, the boundary and loading 
conditions, element type, number of elements or seed size, and element mesh type. Based 
on that, several limitations related to the computational methods have been reported in the 
recent studies. Of these limitations, most of the computational models are not a general 
purpose, however, they are specified either to BCC lattice configuration of equal 
dimensions or to other lattice configurations [14] [35] [44] [45]. Besides, some numerical 
lattice models are not efficient enough even though providing accurate results, but on the 
account of using substantial number of elements, which in most cases require employing 
super computers [46] [47] [48]. Sometimes, the computational cost is reduced on the 
expense of building a lattice model of a single unit cell with certain boundary condition, 
which cannot predict the behavior of a lattice with larger number of unit cells [39]. Also, 
there is a type of FE models built based on beam elements which cannot capture the real 
geometry and stiffness of the lattice due to not considering the material distribution at the 
strut joints, but employed for the purpose of reducing the computational cost, thereby 
affecting the precision of results [2] [4] [37]. In this regard, other finite element models of 
LSs are built with a mesh element type generated automatically without the need for user 
intervention, i.e. tetrahedron mesh elements [35] [46] [47] [48] [49] [50],which in turn 




computational time but the results are not accurate enough [40] [41]. To this end, the 
analytical solution for analyzing and predicting the mechanical response of LSs is 
considered relatively good when comparing it with the experimental work and 
computational modeling since the cost and time of the experimental work as well as the 
factors adopted to precisely formulate the computational modelling are not shown or 
become insignificant with employing the analytical solutions. Whereas, the latter are not 
without drawbacks. With the most significant one, measuring the lattice volume in an 
inaccurate way, due to not considering the material overlapping at the strut joints, makes 
the analytical approaches limited to LSs of low relative densities [22] [33]. Besides, 
neglecting the effect of deformation induced by the shear loadings renders them applicable 
only to LSs of small aspect ratios [22]. Also, the analytical methods are commonly created 
to be applicable for a single BCC lattice unit cell with certain boundary conditions and in 
most cases with equal dimensions [22] [51]; thus, the analytical methodologies cannot also 
be considered as a general purpose.    
The research motivations in the current dissertation are proposed in two fields. 
First, we want to dictate or work on geometrical parameters related to the structure of the 
lattice by which its mechanical characteristics can be improved without changing its 
volume or weight and even more with reducing its volume if it is possible. Based on these 
parameters, we can introduce new lattice generations modified from BCC LS with keeping 
their volumes or weights almost constant or with reducing them if possible. Second, 
generalized closed-form equations to predict accurately the CMPs and the overall GPs, not 
only for BCC LSs of equal dimensions but also for the modified BCC LSs of various 




and lattice cell tessellations, are presented in the current research. Thereby introducing 
robust and comprehensive analyses which can help reducing any unnecessary cost and 
saving time along with providing accurate results.  These motivations will have a vital role 
in developing the lattice field design to meet the requirement of various applications; 
therefore, they are the main goals of this dissertation.  
1.2 Literature Review 
1.2.1 Cellular Materials  
The cellular material can be defined as a combination of solid material and air gaps, voids 
or holes, which are recognized with light structure and astonishing mechanical properties. 
The cellular material can be classified according to its microstructure into stochastic and 
periodic. In the stochastic cellular solids, open- or closed-core unit cells with different sizes 
or shapes are randomly distributed in the 3D-space as shown in Figure 1.1 [10]. 
 
Figure 1.1: Stochastic cellular structures with (a) open and (b) closed pores. 
Whilst the periodic cellular structures consist of regular unit cells having the same size and 
shape, which are distributed orderly in the principal directions. The periodic cellular solids 
can be classified as 2D or 3D structures. The 2D periodic structures have a cross-section 
with a certain shape which extended along the entire length or thickness of the structure. 




structures as shown in Figure 1.2 [52]. The honeycomb with the using of two plates on the 
top and bottom is considered as a fully closed-core structure. While, the prismatic 
structures consist of two layers, where each one is rotated at 90° relative to the other, around 
the vertical axis, and placed on each other, by this way enabling the structure to have open 
pores in two directions and closed pores in the other two perpendicular directions. 
 
Figure 1.2: Examples of 2D periodic structures, (a) honeycomb and (b) prismatic.   
The honeycomb with the using of two plates on the top and bottom is considered as a fully 
closed-core structure. While, the prismatic structures consist of two layers, where each one 
is rotated at 90° relative to the other, around the vertical axis, and placed on each other, by 
this way enabling the structure to have open pores in two directions and closed pores in the 
other two perpendicular directions. In addition to the 2D periodic structures, there are 3D 
ones called as LSs which are recognized with open core from all directions and consist of 
regular and repeatable unit cells. In this regard, the truss, textile and collinear are 
considered as examples of LSs as shown in Figure 1.3 [52] [53] [54]. The regular structure 
of periodic cellular materials provides an advantage of tailoring and controlling their 
mechanical properties quite easily. While the reverse can be noticed with the foam 
materials, thereby making their design overly conservative [17] [55]. Also, LSs can offer 




[55] [56] [57]. In addition, the open-core LSs are also recognized with their capability of 
removing the moisture absorption problem owning to the morphologies of their pores, 
which are open in all direction. In consequence, the degradation in the mechanical 
properties ensuing from the moisture content will be mitigated, thereby making the open-
core LSs more preferable than the traditional foams and honeycombs [33].  
 
 
Figure 1.3: General categories of LSs, (a) truss, (b) textile and (c) collinear. 
  
1.2.2 Lattice Mechanical Characteristics 
Basically, the mechanical characteristics of the LS depend on the solid constitutive material 
out of which the lattice is composed, the microstructural parameters and the lattice 
topology [10] [11] [12]. Regarding the bulk material upon which the lattice is built, it is 




than the same one but composed of Aluminum alloys. This is reasonable, since the 
Titanium alloys as a solid material has higher mechanical characteristics than the 
Aluminum alloys.  
1.2.2.1 Lattice Microstructural Parameters  
The mechanical behavior of the lattice also relies on the microstructural parameters 
comprising strut diameter or wall thickness, the size of the unit cell or pore size, and the 
volume fraction (VF) or the relative density (RD). RD is defined as a ratio of the actual 
volume filled by the lattice divided by overall lattice block volume [58]. Indeed, the lattice 
volume depends generally on the strut diameter and the unit cell size as well as other factors 
associated with them, for instance the number of unit cells tessellated in a certain size of 
the 3D space. That means, RD, strut diameter and unit cell size are related together. In 
addition, the RD can have a range of values between 0 and 1 [45]. The number 1 or a 100% 
RD means that the material is totally solid [45]. Whilst, LS with 0.3 RD means that only 
thirty percent of the overall lattice block volume is occupied by the actual lattice volume 
or seventy percent of the lattice block volume is cavities, air gaps or empty. Thus, in some 
investigations [4] [38] [47] [49], the researchers employed the porosity instead of the 
relative density, which represents the complement of the relative density, e.g. if a LS has a 
RD of 30% that means the corresponding porosity equals to 70%. Most importantly, the 
RD has an essential impact on the mechanical behavior of the lattice. In general, increasing 
the RD leads to an increase in the mechanical characteristics of the lattice and vice versa  
[10] [11] [12]. This is attributed to reducing the voids or cavities inside the LS, making it 
more solid or denser. Consequently, the researchers found that the RD is a powerful 




tailored. In the previous investigations, many researchers [10, 13, 14, 15, 16] attempted to 
control the RD by changing the strut diameter or the wall thickness and generally deduced 
that increasing the diameter of the strut or the wall thickness corresponding to the same 
size of the unit cell induces an increase in the RD, and hence increases the mechanical 
properties. In the same manner, [17, 18, 19] tried to change the cell size to manipulate the 
RD and found that increasing the unit cell size or decreasing the actual size filled by the 
lattice, with keeping the strut diameter and the external lattice dimensions the same, 
reduces the RD and thus reduces the mechanical characteristics of the lattice. A related 
work on changing the number of unit cells corresponding to the same lattice dimensions, 
which is also associated with unit cell size, was conducted by [18, 20, 21]. The conclusion 
they come up with is that increasing the number of unit cells in a certain size of a 3D space 
results in an increase in the RD and of course improve the mechanical response of the 
lattice. In recap, the RD which depends on both the wall thickness and the unit cell size is 
regarded as a strong microstructural parameter through which the mechanical behavior of 
the lattice can be tailored.   
1.2.2.2 Lattice Topology 
It is worthwhile mentioning that the lattice mechanical characteristics not only depend on 
the bulk material properties and the microstructural parameters but also rely on the 
geometrical shape of the unit cell, lattice topology, the configuration of the unit cell or the 
pore shape. The latter is a crucial factor in designing and optimizing the mechanical 
behavior of the lattice. Thus, it can be noticed there are a variety of unit cell configurations 




pyramidal [29] [61], 3D-Kagome [60, 62, 63], octet-truss [4] [57], and body centered cubic 
(BCC) [21] [23] [26] [28] [30] [31] [35] [44] [64] [65].  
1.2.2.2.1 BCC Lattice Structures 
Among all of these configurations, BCC LS as a class of the open-core periodic lattice is 
very common in field of lattice design and is recognized with its capability of core 
ventilation. This advantage helps eliminating the problem of degradation occurring in the 
mechanical properties as a result of moisture content [33]. Also, the arising of additive 
manufacturing technology (AM) enables fabricating BCC lattice configuration using 
different materials such as, Stainless Steel (316L) [17] [22], Aluminum alloy (AlSi10Mg) 
[23, 24, 25], Titanium alloy (Ti6AL4V) [6] [26] [27], Polyamide PA 2200 (nylon 12) [65],  
Polylactic Acid (PLA) [46] and Acrylonitrile Butadiene Styrene (ABS) [28] [29] [30] [31] 
[44] [62] [63] [64]. In addition, the variety of materials, that the BCC configuration can be 
made of, is not only the advantage ascribed to AM technology, but also creating BCC LSs 
with different cross-sections, strut diameters and pore sizes is another advantage attributed 
to this technology. By this way, expanding the range of applications of BCC configuration 
and making it a good candidate for conducting further investigation.  
1.2.2.2.2 Reinforced-BCC Lattice Structures 
Therefore, several researchers tried to reinforce BCC configuration by adding strands in a 
systematic way to its original geometry to create reinforced-BCC topologies which exhibit 
an improving in the mechanical characteristics. For instance, (BCCZ) represents a BCC 
unit cell with four vertical pillars at the edges [17, 22], (BCCV) is similar to BCCZ but 




32], (BCCZ-H) is a 90° rotated pattern of BCCZ [34]. Figure 1.4 shows BCC, BCCZ, 
BCCZ-H and BCCV lattice unit cells.  
 
 
Figure 1.4: Basic configurations of (a) BCC (b) BCCZ (c) BCCZ-H and (c) BCCV lattice 
unit cells. 
 Furthermore, (BC-Cube or BCCXYZ) represents a combination of both four vertical 
strands and other four horizontal strands [4, 24, 37] as shown in Figure 1.5.  
 
Figure 1.5: Lattice unit cell configuration of BCCXYZ. 
 
The struts are also added at alternative layers to create (BCCA) [28, 31, 32] as shown in 
Figure 1.6 (a). Besides as it can be seen in Figure 1.6 (b), the gradient distribution of the 





Figure 1.6: The strut arrangements in (a) BCCA and (b) BCCG LSs. 
 In a related work, there are other endeavors to further improve the mechanical behavior of 
the BCC configuration by combining its geometry with others of different configurations. 
As an example, BCC unit cell is combined with two unit cells of face centered cubic (FCC) 
cell to create (F2BCC) [7] [26] [36] as shown in Figure 1.7.  
 
Figure 1.7: Lattice unit cell configuration of F2BCC. 
 
Besides, a single unit cell of BCCZ is combined with two-unit cells of FCC to create 
(F2BCCZ) [26].In the same manner, BCCXYZ unit cell is combined with two-unit cells of 
FCC to construct (F2BCCXYZ) [26]. Figure 1.8 shows lattice unit cell features of F2BCCZ 





Figure 1.8: Lattice unit cell configuration of F2BCCZ (a) and F2BCCXYZ (b). 
The BCCXYZ lattice unit cell is also reinforced by placing three columns at central node 
toward the principal directions [37] as shown in Figure 1.9.  
 
Figure 1.9: Reinforced BCCXYZ unit cell by adding three strands at the central node. 
To this end, BCC and BCCZ are embedded with thin-walled tube as a type of enhancement 





Figure 1.10: Reinforcement structures conducted by combining (a) BCC and (b) BCCZ 
LSs with thin-walled tube 
 
1.2.2.2.3 Functionally Graded Lattice Structures  
Recently, based on the data from earlier studies regarding the microstructural parameters 
and the behavior of variant lattice topologies along with the advancement in AM 
technology, the researchers put more efforts to tailor and manipulate the mechanical 
characteristics of BCC LSs and other topologies by introducing a new generation of lattice 
called functionally graded lattice structures (FGLSs) which offer promising improvement 
in the mechanical properties of the lattice. FGLS is defined as a lattice built with a gradual 
change in the mechanical characteristics through the layers that it contains. The gradient in 




geometries through the layers of a certain lattice or by building layers of different 
topologies in the same lattice. The geometric gradient of the LS can be achieved by 
changing the strut radius linearly through the lattice layers, starting with the top layer of a 
thinner strut radius and ending with the bottom layer of a thicker one as discussed in [23, 
65, 66]. In other words, each layer had a certain strut diameter and the corresponding RD, 
which were kept uniform through a layer but varied from one layer to another as shown in 
Figure 1.11 [23, 65]. A similar work dictated by [7, 67] the only difference was that the 
strut diameter not only changed from one layer to another, but also varied through the layer 
itself instead of kept it uniform. That type of gradient in the structure of the lattice was 
described as a linear and continuous through the entire structure. Because of that, it was 
recognized with a smooth transition between the layers. In addition, three types of gradient 
in the structure of the lattice were investigated by [45]. In the first type, the wall thickness 
was varied linearly and continuously by arranging the layers from the thinner located at the 
top to the thicker placed at the bottom, similar to the common FGLSs aforementioned as 
shown in Figure 1.12 (a). 
 
Figure 1.11: FGLS of BCC lattice configuration based on changing the strut diameters 




The second type, called cosine gradient, was also based on varying the wall thickness, but 
the gradient in the structure starts with two layers, the top and bottom, of a thicker wall 
thickness and ends with a layer located at middle of the lattice of a thinner wall thickness 
as it can be seen in Figure 1.12 (b).  
 
Figure 1.12: FGLS of triply periodic minimal surface (TPML) Diamond lattice 
configuration based on (a) linear and (b) cosine gradient in the RD. 
The last gradient type is based on embedding more than one topology in the same LS 
instead of changing the wall thickness or the unit cell size as shown in Figure 1.13.  
 
Figure 1.13: Front view of FGLS built with four layers of TPMS LSs, the upper two 
layers composed of Gyroid while the lower two layers made of Diamond. 
Moreover, [63]created a gradient LS based on changing both the strut diameter linearly 
through the lattice layers similar to the FGLS abovementioned and the number of unit cells 




higher number of unit cells and the top layer of the lattice came with a thinner strut radius 
and smaller number of unit cells.  That means, two types of gradient were combined 
together in one LS, the variation in the RD or strut diameter and the change in unit cell 
number as shown in Figure 1.14 [63]. Up to this end, it is worthwhile noting that the 
gradient in the structure of the lattice by using strut diameter, cell size, number of unit cells 
or different topologies enables the designer to further manipulate and improve the 
mechanical characteristics of the lattice.   
 
Figure 1.14: FGLS built with Kagome lattice configuration based on changing both the 
strut diameters and unit cell number through layers. 
  
1.2.3 Evaluating Lattice Mechanical Performance 
In general, the mechanical characteristics of the lattice, its feasibility for certain 
applications and its mechanical response to the variability in the microstructural parameters 
are all evaluated using experimental work, finite element analysis (FEA) and analytical 
solution.  
1.2.3.1 Experimental Work 
Based on the experimental evaluation of the mechanical behavior of the LS, Iyibilgin et 
al. [38] studied experimentally the compressive mechanical behavior of five lattice 
topologies and two patterns of density-build-style produced by FDM technology using 




with certain cross-sectional shapes, comprising honeycomb, circle, square, diamond and 
triangle, which were extended over the entire height of the lattice. While, the two patterns 
are the sparse and the sparse-double dense build styles, which are available directly in the 
options of the printer software. The compressive yield strength and elastic modulus were 
estimated for the five topologies and the two density-build-style patterns in order to find 
out the best lattice topology and to explain how the deformation behavior and the building 
time of the lattice topologies are different from those of the patterns. The results showed 
that the honeycomb LS has the highest yield strength and modulus of elasticity. Besides, 
the lattice topologies exhibit generally higher compressive properties than those of the 
density-build-style patterns, but the building time of patterns is shorter than that of the 
lattice topologies.   
Also, AL Rifaie et al. [31] probed the compressive mechanical performance of four 
lattice topologies, BCC, BCCV, BCCA and BCCG, fabricated by fused deposition 
modeling technology (FDM) using Acrylonitrile Butadiene Styrene (ABSplus-p430) as a 
model material. The stiffness, specific stiffness, peak load, specific peak load and specific 
energy absorption were calculated corresponding to each lattice topology and the results 
were compared with each other to study the effect of strand distributions on the mechanical 
deformation behavior of the lattice and to determine which lattice topology exhibit 
generally the best mechanical response. It was shown that the BCCV LS offers the highest 
mechanical characteristics, whilst the BCC LS has the lowest ones.  
In addition, Yadlapati [30]  investigated experimentally the effect of 
manufacturing parameters on the mechanical behavior of BCC LS fabricated by FDM 




tension and compression test. The processing parameters included in this study are three 
different build orientations (0°, 45°& 90°), two different infill densities (sparse high and 
solid) and two different layer thickness (0.01 inch and 0.013 inch). The mechanical 
deformation behavior based on changing the processing parameters of the printed samples 
was assessed by calculating the specific energy absorption. It was proven that the BCC LSs 
produced with sparse high or solid density along with 0.013-layer thickness and 45° build-
orientation offered the highest specific energy absorption during the compression test. 
Whereas, BCC LSs with sparse high density as well as 0.010-layer thickness and 0° 
building orientation were the only ones that did not fail under the tensile test. Also, the 
BCC LS with High sparse density, 0.013-inch layer thickness and 45° building angle is 
highly recommend compared with its counterpart of the solid density when considering the 
manufacturing time and the bulk material required to fabricate the specimens using ABS 
material based on FDM technology.  
Furthermore, Gautam and Idapalapati [63]explored experimentally the 
compressive mechanical response of FGLS fabricated by FDM technology using 
Acrylonitrile Butadiene Styrene (ABS-M30). The FGLS was constructed with multiple 
separate unit cells of 3D-Kagome and multiple layers with face sheet used at the 
interconnection between the layers, and the gradient in the structure was achieved based 
on a linear change in the strut diameter or the RD through the lattice layers. In addition, 
the number of layers is three with number of unit cells, 5x5x5, 4x4x4 and 3x3x3, arranged 
from bottom to top.  Also, the effect of number of layers on the mechanical properties of 
the gradient Kagome was probed. Besides, a comparison between the mechanical 




deduced that increasing the number of layers induces a decrease in the stiffness of the 
gradient lattice. Also, the energy absorption of the gradient Kagome is higher than that of 
the uniform one by 35%.       
The experimental investigation for the mechanical properties of the LS usually 
requires 3D printing machine to fabricate the samples and a solid constitutive material out 
of which the lattice is made. In addition to the base or model material, a support material 
is sometimes required based on the complexity of lattice topology. Additional tools or 
apparatuses, for instance cutting machines or cleaning apparatus, are also required based 
on the type of AM technology. Furthermore, any experimental study cannot be carried out 
without mechanical testing machines. It is also worthwhile mentioning that three samples 
and sometimes five samples are fabricated and tested corresponding to the same lattice 
design. It looks like a kind of the repetition for the entire work three or five times for the 
purpose of having more accurate results. Besides, some samples were built with 
manufacturing defects such as missing struts or an entire unit cells and the others were 
failed during the test [30, 68]. Thus, the actual number of samples required to accomplish 
the experimental work are sometimes higher than the expected ones. Consequently, the 
experimental study is considered expensive and its cost becomes extremely high when 
more parameters are involved during the experimental investigation or a full 
characterization of the lattice behavior under various loading conditions is required [13] 
[17] [18] [21] [30] [42] [43]. In addition to the manufacturing cost, fabricating the samples 
and cleaning them from the support material consumes time based on the complexity of 
the lattice feature, its geometry and the adopted manufacturing parameters. For a BCC LS, 




using ABSplu-p430 material with sparse high density, 0.01-inch layer thickness, 45° 
building orientation, 1mm strut diameter, 5mmx5mmx5mm single unit cell size and 5x5x5 
unit cell number, the time required to build the sample is about 6 hours. After the 
fabricating process, the support material must be removed from the printed samples by 
using cleaning apparatus [31]. In fact, removing the support material necessitates longer 
time than the fabricating process based on the concentration of the dissolving solution, the 
complexity of lattice feature and type of support material [30] . In consequence, the higher 
cost and the longer time are considered the main limitations of the experimental work, 
which in turn render the researchers to analyze and explore the mechanical performance of 
LSs using finite element analysis and analytical methods. 
1.2.3.2 Finite Element Analysis 
Finite element modeling (FEM) is considered one of the numerical approximation 
techniques which could be a good choice for performing analysis and simulating the real 
mechanical behavior of the lattice under various loading types if it is applied in the right 
manner. In other words, performing an efficient FEM is not an easy or trivial work, 
however, it is required a good experience by the users. First of all, selecting the suitable 
commercial software program for solving a certain engineering problem is an important 
step, since there are a variety of finite element software for instance ABAQUS, ANSYS, 
LS-DYNA and COMSOL Multiphysics. Also, defining the material properties accurately, 
applying the suitable boundary and loading conditions, conducting convergence analysis 
and creating appropriate mesh element type are all crucial factors in making a good 
matching or agreement between the FEM and the experimental work [22, 46]. In the earlier 




presented by Dassault Systemes, is a good candidate for solving numerically the continuum 
solid problems and has the capability for analyzing the mechanical response of the lattice 
under different types of loadings [5] [14] [16] [27] [28] [35] [39] [44] [45] [46] [47] [48] 
[50] [64] [69].  
Wieding et al. [2] created a finite element computational model based on beam 
elements using ABAQUS software to investigate the sensitivity of elastic mechanical 
characteristics of three lattice topologies during compression to the variations of the 
microstructural parameters such as the strut diameter, cell size and pore size. The lattice 
topologies dictated for this study were cubic, diamond and modified truncated pyramid as 
shown in Figure 1.15. In this regard, 3x3x3 lattice cell tessellations were used for both the 
cubic and diamond lattice topologies, whilst 2x2 unit cells with additional one located at 
the middle were adopted for modified truncated pyramid lattice due to the asymmetry of 
its geometrical design. 
 
Figure 1.15: LSs explored by Wieding et al., based on (a) cube (b) diamond and (c) 
modified truncated pyramidal unit cell configurations. 
After that, an optimization of the geometrical parameters was undertaken for all lattice 




requirements of certain biomedical applications. Then, the LSs with optimized geometrical 
parameters are further tested under tensile, bending and physiological loadings. The results 
showed that the diagonal lattice offered the highest elastic modulus for tension, 
compression and bending test, whereas, its strut diameter and size were the largest.  
Regarding the biomedical parameters, it was found that the pyramidal lattice topology 
showed the highest stability or the lowest gap alteration, which is around a quarter as much 
as that of pyramid lattice topology.  
In a relevant work, Egan et al. [4] developed a numerical model using finite 
element software package, ABAQUS, to investigate the mechanical characteristics and 
structural parameters of eight lattice topologies assigned for biomedical engineering 
applications. The eight topologies were grouped into three sets comprising cubic, 
octahedron and truncated family. The first group consists of three topologies including 
cube, face diagonal cube (FD-cube) and body centered cube (BC-Cube). The second also 
consists of three topologies comprising octahedron (Octa), octet (Octet) and void octet (V-
Octet). The last group encompasses two lattice topologies, which are truncated cube (T-
Cube) and truncated-octahedron (T-Octa). All the lattice topologies were tessellated with 
125unit cells and modelled based on beam elements to minimize the computational cost. 
The elastic mechanical response under shear and compressive loading were investigated 
corresponding to the variations in the porosity, incurred from changing the strut diameter 
and cell edge length for all lattice topologies. Also, the structural geometries including 
surface-volume ratio, pore size and porosity were explored and related to each other within 
certain conditions. To explain that, the pore size was related with the porosity 




value out of which the lattice can be fabricated experimentally.  In addition, the surface-
volume ratio was correlated with the pore size for a certain value of the porosity. After that, 
a design condition to use a certain range of the pore size values was imposed on other 
structural parameters in order to optimize the rate of bone growth. The results showed that 
the cubic lattice family, especially the cube LS built with no diagonal struts, offered the 
highest elastic modulus, whilst the highest shear modulus was dictated by octahedron 
family, particularly octahedron lattice topology which has eight diagonal struts. The 
significant difference in elastic mechanical behavior between the cube and octahedron 
topologies can be attributed to the fact that the shear properties of the lattice can be 
improved with increasing the number of diagonal struts in its basic configuration.  
In a similar study on triply periodic minimal surface (TPMS) LSs, Karamooz and 
Andani [39] developed a finite element model using ABAQUS to predict the compressive 
behavior within linear elastic limit of two types of TPMSs, P-Type and G-Type. These 
types of lattice topologies have a complicated architectural geometry, so the manufacturing 
process of them is not trivial and requires higher cost as well as longer time. Thus, the 
prediction of the mechanical properties of such types of lattice topologies is preferable 
before the fabricating process. As a first step for building the lattice model, the surface 
corresponding to each lattice topology should be identified by a mathematical equation 
which includes the Cartesian coordinates, x, y, and z, along with an importantly 
geometrical factor, a, through which the porosity of the TPMSs was manipulated. The 
surface equations were used to generate points, called cloud points, with triangular line 
connections through the points. After that, the points and triangular connections were 




surface of the lattice. However, there are some holes involved in the obtained surfaces 
which were fixed and covered using MATLAB program. The second step is to assign the 
material properties and to apply the boundary conditions using finite element software 
package, ABAQUS. In this regard, it is noticeable that only a single unit cell for G-Type 
and other one for P-Type were generated. For this reason, periodic boundary conditions 
were applied on each one. In addition, each unit cell was meshed with quadratic tetrahedron 
3D solid continuum elements. Also, a super-computer with 24 cores and 24 GB random 
access memory was employed to perform the analysis. Most importantly, the porosity was 
varied several times for each lattice through changing the geometrical parameter, a, and the 
corresponding compressive elastic modulus was determined. Finally, the relation between 
the relative elastic modulus and the porosity was found for G-Type and P-Type lattice 
topologies, and the results between them were compared to determine which one of them 
offer better mechanical response. It was concluded that the P-Type comes up with higher 
values of relative elastic modulus than those of G-type corresponding to the same values 
of porosities.   
A pertinent investigation on TPMS LSs was conducted by Maskery et al. [45] 
using six topologies including Primitive, Gyroid, Diamond, IWP, OCTO and BCC as 
shown in Figure 1.16. An efficient computational approach using ABAQUS FE software 
was adopted to probe the compressive mechanical response of the six topologies within 
linear elastic limit. Due to the morphological complexity of the TPMS LSs, which are 
recognized with a zero curvature at every point on the surface, a special software package 
presented by University of Nottingham to build the 3D model of all six topologies and to 




the numerical values of relative elastic modulus was investigated by considering five 
groups of lattice cell tessellations, 1x1x1, 2x2x2, 3x3x3, 4x4x4 and 5x5x5. 
 
Figure 1.16: TPMS lattice unit cell configurations investigated by Maskery et al., (a) 
Primitive, (b) Gyroid, (c) Diamond, (d) IWP, (e) OCTO and (f) BCC. 
As a preliminary study, the effect of unit cell arrangements on the numerical values of 
relative elastic modulus was investigated by considering five groups of lattice cell 
tessellations, 1x1x1, 2x2x2, 3x3x3, 4x4x4 and 5x5x5. The compressive relative elastic 
modulus corresponding to each lattice cell tessellation was determined after conducting the 
convergence analysis to ensure that the mesh size and number elements did not have any 
significant influence on the results. It was deduced that the relative elastic modulus values 
approach to each other for 3x3x3, 4x4x4 and 5x5x5 lattice cell repetitions. Also, for the 
purpose of reducing the computational cost, there is no need to build a lattice with unit cell 
arrangements higher than 4x4x4. Based on that, all the six lattice topologies were 
constructed with 4x4x4 unit cells and the porosity of each one was varied several times. In 
addition, the relative elastic modulus corresponding to each porosity was evaluated by 




z directions, and the relations between the relative elastic modulus and the porosity for 
each topology was established. In the end, a comparison between the compressive 
mechanical performance of the six lattice topologies based on the correlation between the 
relative elastic modulus and porosity for all three directions was achieved. The results 
showed that IWP topology provides the highest elastic modulus when the compressive 
loading is applied in z-direction. Whilst, Diamond lattice topology shows the same values 
of elastic modulus in x and y directions, which are different from the one in z direction. 
Thus, it is possible to say that the Diamond lattice can be a good choice for the applications 
that require less anisotropy in the mechanical behavior of the lattice. In conclusion, the 
numerical models to predict the mechanical performance of the lattice are often considered 
as an essential step in designing and optimizing the LSs before the manufacturing process.  
Therewith, there are some limitations associated with the working on the 
computational models. The most common one that the researchers frequently faced is the 
computational cost, which is related to the size of the entire model (number of unit cells), 
the number of elements (high or small number of elements used to mesh the model), type 
of the element (3D brick continuum or beam element) and type of the mesh (tetrahedron 
or hexahedron mesh element). In general, using a lattice model with a smaller number of 
unit cells helps reducing the computational time. For this reason, in some investigations, a 
single unit cell was adopted [39]. However, the behavior of a single unit corresponding to 
a certain lattice topology is not considered as a general purpose and cannot be used to 
predict the behavior of lattices with larger number of unit cells due to the dominant effect 
of the boundary conditions [45, 69]. Furthermore, using hexahedron mesh element is 




But, the latter cannot be generated automatically and needs a lot of work by the software 
users to be produced [71]. Reversely, tetrahedron mesh elements can be produced 
automatically without any intervention from the users, but the cost of simulation with a 
good level of accuracy is more expensive. Thus, [39]performed the investigation on a 
single unit cell meshed with tetrahedron elements, as shown in Figure 1.17, to render a type 
of balance between the lower cost associated with employing smaller unit cell number or 
smaller lattice volume and the higher computational cost incurred by using tetrahedron 
elements. Also, it is worthwhile to indicate that using beam elements for computational 
modelling as a comparison with 3D continuum elements provides a clear reduction in the 
computational cost. This is due to the fact that the formulation of the beam elements, which 
comprises only two nodes, is different from that of the solid element, which encompasses 
eight nodes. 
 
Figure 1.17: Single TPMS lattice unit cells meshed with tetrahedron elements, (a) P-Type 
and (b) G-Type. 
. Accordingly, it was reported in the literature that relatively large size LSs of 3x3x3 unit 
cell repetitions and others of 5x5x5 unit cell arrangements were computationally modelled 
based on beam elements [2] [4]. Therewith, as a type of limitation, the straightforward 




lattice due to the fact that the multiple volume at strut joints is not considered [37]. Also, 
the real stiffness of the entire lattice can’t be captured by beam element-based modeling 
owning to lack of contact between the struts in the vicinity of vertices [37]. In other words, 
building a computational model of a lattice directly based on beam elements will have a 
larger volume and lower stiffness comparing with its counterpart modelled by 3D brick 
elements. As a result, the direct modeling of a lattice based on beam elements is not 
optimized well due to not considering the material overlapping at strut junctions, which in 
turn can have an impact on corresponding mechanical performance of the lattice. 
1.2.3.3 Analytical approaches 
 In addition to the computational approaches for modeling the mechanical deformation 
behavior of the lattice within linear elastic limit, several researchers tried to develop 
analytical solutions for studying and predicting the elastic mechanical properties of the 
lattice, thereby mitigating the obstacles encountered in the numerical approaches. 
Therewith, the analytical approaches are not without drawbacks. For instance, the one 
proposed by Ushijima et al. [22] to calculate the elastic modulus of BCC LS was 
conducted based on a classical bending beam theory, viz. Bernoulli-Euler beam theory, 
which was limited to an aspect ratio, R/L, less than 0.1. To explain that, it was assumed 
that the single strut can undergo deformation due to any type of axial loadings except that 
deformation due to the influence of shear stresses was assumed to be negligible. In fact, 
there are shear stresses distributed through the cross-sectional area of the strut, which in 
turn induces deformation. However, if the cross-section area of the strut is small with 
respect to the strut length, then the effect of shear stresses will be small and the ensued 




becomes larger with increasing the strut thickness relative to strut length, leading to a 
significant error if the effect of shear stresses is not involved when estimating the 
deformation. For this reason, the Bernoulli-Euler bending beam theory is only applicable 
for small values of aspect ratio, viz.  R/L is less than 10%. The other limitation is associated 
with computing the actual volume occupied by the lattice. In other words, the proposed 
formula for estimating the actual lattice volume is simply an equation for the volume of 
cylinder multiplied with total number of struts that the lattice contains. By this way, it looks 
like the lattice volume is overestimated due to not considering the effect of material 
overlapping at the strut joints. Hence, the geometrical error in the actual lattice volume 
causes an error in estimating the relative density since it represents the ratio of the actual 
lattice volume to the overall volume of lattice block, which in turn influences on the elastic 
mechanical characteristics of the lattice. In this regard, further increase in the relative 
density by increasing the strut diameter or the number of unit cells will magnify the 
geometrical error, thereby restricting the analytical solution suggested by [22]to smaller 
values of relative densities. Also, the referred analytical approach is not a generic one and 
can only be valid for BCC lattice unit cell topology of equal dimensions, which represent 
another drawback.  
To reduce the limitations abovementioned, further attempts introduced by several 
researchers to develop the analytical methodologies and render it more general. Ptochos 
& Labeas [33]modified the analytical solution by considering the deformation due to the 
shear effect and by making it applicable for BCC lattice unit cell of different dimensions. 
First of all, the limitation associated with applying the BCC LS for aspect ratio less than 




instead of using Bernoulli-Euler beam theory. That means, the deformation due to the shear 
stresses along with the deformation owning to various axial loadings were involved in the 
analytical approach by employing Timoshenko bending beam theory. The second 
modification is the generalization that was made by deriving the analytical equations based 
on single BCC lattice unit cell of variant dimensions. In other words, when constructing 
the analytical solution, the dimensions of the unit cell were assumed to be variant, a, b & 
d in the principal directions instead of using equal dimensions, L, L & L. Thereby making 
the analytical methodology more practical by expanding its range of prediction to cover 
the elastic mechanical properties of BCC single unit cells of equal and non-equal 
dimensions. Whereas, the analytical approach presented by [33]was still have the problem 
of not considering the material overlapping at the strut joints. Viz., a formula representing 
the volume of cylinder multiplied by the total number of struts was employed to estimate 
the actual lattice volume and hence the relative density, thereby inducing a significant error 
especially for higher relative densities. Besides, it was limited to a specific type of 
boundary conditions and can only predict the elastic mechanical response of a single BCC 
lattice unit cell.  
Eventually, endeavors were dictated by Mines [51] in order to create an analytical 
technique for analyzing and predicting the mechanical characteristics of BCC lattice unit 
cell within linear elastic limit based on Timoshenko beam theory in addition to considering 
the material overlapping at the strut junctions. So, the deformation due to the effect of shear 
stresses was involved as well as the deformation of various axial loadings such that the 
suggested analytical method can be employed for BCC LSs with a wider range of aspect 




was amended by avoiding using the formula of cylinder volume when estimating the actual 
lattice volume. It was speculated that the ends of the struts of a single unit cell were not 
directly connected together, however, there is a spherical ball at the center of the cube from 
which all the eight diagonal struts radiate out to the edges of the cube. Thus, the actual 
lattice volume of a single BCC lattice unit cell is now a summation of the volumes of one 
sphere and eight cylinders. The only barrier that can appear when calculating the actual 
lattice volume using the aforementioned manner was in selecting the values of the sphere 
radius and the strut length in order to estimate accurately the volume of eight cylinders and 
one sphere out of which the actual lattice volume of a single unit cell was composed. 
Indeed, a specific value was assigned to the radius of sphere. Hence the strut length value 
was calculated based on it such that the actual lattice volume ensued by the methodology 
of summation of eight cylinders and one sphere volumes was compared with the exact 
value of its counterpart, measured by SOLIDWORKS commercial software program in 
order to ensure that the assigned value to the sphere radius is reasonable. Therefore, the 
analytical methodology proposed by [51]provided a significant advantage of reducing the 
effect of material overlapping at strut joints as a type of comparison with the other two 
approaches abovementioned, thereby making the resultant values of the relative densities 
more accurate and thus the corresponding values of elastic mechanical characteristics. To 
this end, the last analytical approach was, however, still limited to a single unit cell of BCC 
lattice topology with equal dimensions in x, y & z directions and under certain boundary 




1.2.4 Gibson and Ashby Scaling Laws  
The most interesting analytical work to analyze the deformation mechanisms and the 
mechanical characteristics of LSs is the one introduced by Gibson and Ashby [10, 11].  
They provided a set of equations, called scaling laws, relating the mechanical properties of 
LSs with their structural parameters [10, 11]. The one that correlates the RE with the RD, 
explained in Equation (1), has attracted much attention in the earlier studies [45]. Also, 
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Where Elatt. , Ylatt. and Vlatt.are the equivalent elastic modulus, the effective strength and 
the actual volume of the lattice, measured in MPa, MPa and mm3 units respectively. In 
addition, Esol. and Ysol.represent the modulus of elasticity and the yield stress of the solid 
constitutive material that the lattice is made of, both measured in MPa units. In addition, 
Vsol. refers to the overall lattice block volume, measured in mm
3 units. C1, C5, n and m are 
indicated to as Gibson and Ashby’s coefficients. 
. At the beginning, scaling power, n, has been found to have approximately a value 
of 2 for bending-dominated structures based on dimensional methods, which were 




distributed porosity. In the bending-dominated structures, the cell edges or strut walls 
undergo bending when the compressive load is applied. These types of structures are well-
known to be more compliant. Whereas, the cellular structures are thereafter developed to 
offer higher both equivalent stiffness and effective strength by designing their cell edges 
or walls to be more feasible for resisting tension or compression instead of undergoing 
bending when loaded, ensuing what is called stretch-dominated structures [57]. The 
exponent, n, of the stretch-dominated structures is close to 1, which was also found based 
on dimensional methods [12]. The significant difference between the bending and stretch 
dominated structures is that the cell edges in the former expose to bending, while in the 
latter resist tension or compression. That means deciding whether the cellular structures 
are bending- or stretch-dominated is not just a simple numerical value, 2 or 1, but it mainly 
depends on the topology of the lattice. To explain that in a simple way, all the struts of a 
single unit cell, shown in Figure 1.18 (a) [72], are inclined relative to the loading direction 
and therefore expose to bending when subjected to the axial compressive loading [14]. 
However, adding horizontal struts, vertical ones or even both with respect to the loading 
direction, as it can be seen in Figure 1.18 (b) [72]and (c), helps increasing the resistance of 
the unit cells to the axial deformation, thereby making them stiffer [14]. It is worthwhile to 
mention that the exponent values of Gibson and Ashby for bending-dominated and stretch-
dominated structures, around 2 and 1, are concluded based on theoretical analysis, viz. 
dimensional methods, and depend on the topology or the shape of the lattice unit cell. 
Therefore, it is expected that these values can be varied when adopting different lattice 






Figure 1.18: Single unit cell of (a) bending-dominated structure, (b) stretch-dominated 
structure with horizontal pillar and (c) stretch-dominated structure with vertical pillar. 
In a similar way, it has been deduced that the exponent (m) can have a value of 1.5 for 
bending-dominated structures and 1 for stretch-dominated ones based on the dimensional 
methods for stochastic open-cell structures with randomly distributed density [73]. 
Besides, the m-values, 1 or 1.5, are not fixed numbers, however, they are varied based on 




It has been reported in the literature, by Ahmadi et al. [13], that Gibson and 
Ashby’s exponent, n, can have the following values, 0.92, 1.18, 1.253, 1.5, 1.68 & 2.34 for 
cubic (C), truncated cuboctahedron (TCO), rhombi cuboctahedron (RCO), truncated cube 
(TC) , diamond (D) and rhombic dodecahedronc (RD) respectively, as shown in Figure 
1.19 [13]. But this time, Gibson and Ashby model was applied to the experimental data 
from the compression test of the six LSs with different RDs fabricated by AM technology. 
In the same study, it has been indicated that the exponent (m) can have the following values, 
1.76, 2.27, 2.28, 2.86, 3.3 and 3.5 for D, RD, C, RCO, TC and TCO respectively. In this 
regard, the LSs of the six lattice topologies with exponent values, n≤1.5, are classified as 
stretch-dominated structures whilst the other structures of n>1.5 are categorized as 
bending-dominated, providing an indication that the exponent values are not necessary to 
be exactly 2 or 1, but they can be less than 1, between 1 and 2, or higher than 2. In general, 
if the exponent values are around 1, even if less than 1 or higher than 1 by a little amount, 
considered as stretch-dominated. Whereas, if they are around 2, less than 2 by a small 
amount or larger than 2, regarded as bending-dominated. Also, the m-values can be higher 
than 1.5 or between 1.5 and 3.5 as it was reported by in the earlier studies by [13] [15] . 
The differences in the exponent values are attributed not only to the variety of lattice 
topologies but also to the manufacturing parameters, which are not considered in Gibson 
and Ashby model. First of all, there are residual stresses arising from the manufacturing 
process, which cause an early failure in the struts of LS by plastic yielding and hence induce 
a general decrease in its mechanical characteristics. In addition, the fabricated struts have 
corrugated surfaces, viz. their surfaces are not smooth and their diameters or wall 




diameters and smooth surfaces in the Gibson and Ashby models. Finally, the distribution 
of the unit cells whether it is regular or arbitrary has also an effect on the Gibson and 
Ashby’s factors.    
 
Figure 1.19: Single lattice unit cell configurations explored by Ahmadi et al. based on 
Gibson and Ashby model, (a) cubic, (b) diamond, (c) truncated cube, (d) rhombi 
cuboctahedron, (e) rhombic dodecahedron and (f) truncated cuboctahedron. 
A similar work was conducted by Yan et al. [15] to study the deformation 
mechanisms and mechanical properties based on the scaling laws of Gibson and Ashby for 
Diamond and Gyroid TPMS LSs. After fitting the modulus data with its scaling law, n-
values were found to be 1.64 and 1.71 for the Diamond and Gyroid TPMS LSs respectively. 
In this regard, the m-values resulting from fitting the compressive strength data with the 
associated scaling law were observed to be 1.95 for Diamond TPMS and 1.83 for Gyroid 




corresponding ones of Gibson and Ashby are also ascribed to including the manufacturing 
parameters and, of course, to adopting variant lattice topologies.  
Furthermore, Maskery et al. [45] adopted Gibson and Ashby models to investigate 
the influence of the RD, unit cell shape and orientation on the elastic modulus by adopting 
six lattice topologies and by changing their wall thickness several times to dictate a change 
in the RD. An efficient computational model simulating the compressive mechanical 
behavior within linear elastic limit was conducted for each lattice topology and the 
associated models of different RDs by using commercial finite element software, 
ABAQUS/STANDARD 2016. Also, the axial compressive loading was applied on 
different faces of the lattice, i.e. the load was applied in x, y and z-direction to explore the 
effect of changing the orientation on the elastic modulus. Thereafter, Gibson and Ashby 
model, particularly the relationship between RE of a LS and its RD, was applied to the 
resulting data from ABAQUS, corresponding to each lattice topology and to each 
orientation after changing RD several times, in order to determine the corresponding 
Gibson and Ashby’s coefficients. Similar to the results of earlier studies in the lattice design 
field, the elastic modulus of a lattice increases with the RD. In addition, the exponent 
values, n, show a major dependence on the topology or the geometrical shape of the lattice 
since it was assumed there are no residual stresses, surface roughness, and corrugations in 
the cell walls as a result of manufacturing processes. In this regard, the range of exponent 
values are found to be between 0.8 and 2.6, providing again an indication that even though 
the manufacturing processing parameters are not included, the scaling powers are not 
essentially to have exact values of 2 or 1 in order to be bending-dominated or stretch-




been found that the exponents of Gibson and Ashby rely on the orientation, where the load 
is applied.  
Up to this end, it is important to mention that there are several advantages from 
adopting Gibson and Ashby scaling laws. First of all, once the coefficients, C1, C5, n and 
m  , are determined for a certain LS, the equivalent elastic modulus and the effective 
strength of LSs can be easily manipulated or controlled by changing the RD, thereby 
providing a direct technique to predict and design the compressive mechanical 
characteristics before starting the fabrication process [7] [45]. The second advantage is that 
Gibson and Ashby’s coefficients, especially n-values, have a vital role not only in 
predicting the equivalent elastic modulus but also in analyzing the deformation 
mechanisms, which are related directly to the topology of the lattice and hence have a 
straightforward effect on its general mechanical properties [14] [16]. The third advantage 
is that the material type will not have a major influence on Gibson and Ashby coefficients, 
particularly n and C1, when ignoring the effects of manufacturing process. This is due to 
the fact that the equivalent elastic modulus of the lattice is a mechanical property within 
linear-elastic limit where the material can return to its original state when removing the 
applied load and, of course, owing to the normalization of the equivalent elastic modulus 
of LS relative to bulk material modulus out of which lattice is composed. So, the scaling 
law of Gibson and Ashby required for predicting the equivalent elastic modulus can be 
created for particular lattice features using a certain material type. Thereafter, they can be 
applied generally to the same features of the lattice but made from any material type, 
meaning that the scaling law relating RE with RD offers a more general purpose [45]. The 




[7], are essential for identifying the effective failure strength limit of LSs in order to avoid 
any plastic yielding, which is undesirable especially in the biomedical applications where 
replacing any LS, implanted within the defected bone or any part of the human body, will 
be inconvenient since this kind of surgeries are complicated and expensive as well as 
require longer recovery period. 
1.3 Dissertation Scope and Goals 
Developing an efficient LS design and predicting extensively its mechanical characteristics 
as well as its geometries are still challenging even from the perspective of structural design.  
According to the earlier studies, the mechanical performance of BCC LS has been widely 
investigated by many researchers based on changing its geometries or modifying its 
topology. However, as an attempt to improve its mechanical response, it has been observed 
that both the geometrical change based on the wall thickness, size or number of unit cells 
and the topological modification based on adding struts to or combining other 
configurations with its basic configuration usually result in an increase in the lattice volume 
or weight. This in turn raises both the cost of fabrication and the computational cost of FE 
modelling. It is also worthwhile mentioning there are other significant microstructural 
parameters, e.g. the strut angles, which are not highlighted in the earlier studies. Besides, 
the researches and data regarding the latter are still short in the literatures. Thus, 
comprehensive and systematic analyses for the CMPs of BCC LS based on adopting a 
wider range of structural parameters with including the effects of both strut orientation and 
length are still needed to dictate further developing in its mechanical response, but this time 
with more controlling and focusing on the actual lattice volume or weight as a type of 




which the general mechanical characteristics and the overall geometries of BCC LSs with 
a wider range of structural parameters can be precisely predicted without the need for 
experimental tools, commercial software packages or theoretical derivations, is increasing 
continuously. To do so, the dissertation work involved in this document is aimed to achieve 
the following goals:  
1 Investigating the effects of strut orientation and length on the compressive mechanical 
characteristics of BCC LS. For that purpose, two modified lattice generations from the 
BCC LS have been created based on changing the strut angles in a more systematic 
way from 40° to 100° with a step of 5°, such that each generation or set has thirteen 
models and the total number of models adopted to achieve that goal are 25 having the 
same strut diameter, which is 1mm. In the first generation, the strut length is optimized 
to be fixed with strut angle variation in order to keep the actual lattice volume constant 
with varying the strut angles. Thus, the 13 models in the first generation are indicated 
to as either fixed strut length models (FSLMs) or constant weight models (CWMs). 
While in the second, the strut length is designed to vary with the strut angles, aiming 
to produce a reduction in the lattice volume and further improvements in the 
mechanical properties at the same time. So, the other 13 models of the second 
generation are denoted by either variant strut length models (VSLMs) or variable 
weight models (VWMs).  
2 Developing an efficient procedure using FE software, ABAQUS/CAE 2016, not only 
for analyzing the compressive mechanical behavior of the new lattice generations but 
also for building their structures entirely inside ABAQUS instead of building them in 




procedure is not only in saving time and effort needed to fetch the lattice models from 
a CAD program to ABAQUS software but also in generating high quality mesh 
elements which have a major impact on the accuracy of results and the computational 
time.  
3 Developing generalized closed-form equations to predict accurately the CMPs and the 
overall GPs with including the effect of both materials overlapping at the strut joints 
and lattice cell tessellation. These equations are developed based on both FEMs and 
the scaling laws, by changing the RD from 0.14-0.3 with a step of 0.02 corresponding 
to each strut angle within the range 40º-100º with a step of 10º selected from each 
generation, such that additional 63 models are created in each generation. In the first 
generation, 63 lattice models of fixed strut length will no longer have constant weight 
due to varying the strut diameters with the RD; therefore, indicated to as only FSLMs. 
The other 63 models of the second generation of variant strut length have also variable 
strut diameters due to varying the RD and the variation in their weight is induced by 
varying both the strut length and diameter; thus, decided to refer to as only VSLMs. In 
essence, the total number of models required to develop these equations are 117. By 
this way, the equivalent elastic modulus, effective strength, load-displacement 
stiffness, strut radius, actual lattice volume, aspect ratio, strut length, the dimensions 
of a single unit cell or the overall lattice volume are correlated directly to the RD, 
thereby providing a straight forward methodology upon which any mechanical 
characteristic or geometry can be quite easily controlled or manipulated through 
changing the RD. It is also worth noting that the effect of changing unit cell numbers 




them a more general purpose. Up to this point, the significance of these equations lies 
in providing a quick and thorough insight into the compressive mechanical behavior 





















1.4 Dissertation Outline 
Chapter 1. Introduction 
Chapter 2. Designing New Generations of BCC LSs and Building the Overall Lattice 
Models. In this chapter, new generations of 25 lattice models will be created from the basic 
feature of BCC LS based on strut orientation and length using an efficient procedure 
developed in ABAQUS/CAE 2016 for that purpose. Also, additional 117 lattice models as 
an extended study will be emerged from the 25 lattice models based on varying the RD.   
Chapter 3. Finite Element Modeling. This chapter includes modeling the quasi-static axial 
compression behavior of the lattice models based on FEA using ABAQUS software. In 
addition, bulk material properties, the boundary and loading conditions, lattice equivalent 
elastic modulus and effective strength estimation, mesh generation, convergence analysis 
and the effect of lattice cell tessellation will be discussed in this chapter   
Chapter 4. Experimental Work. In this chapter, the compressive mechanical behavior of 
BCC LS with equal dimensions, i.e. the RM of 70.53° strut angle and 1mm strut diameter, 
will be tested experimentally for the purpose of validating the boundary and loading 
conditions adopted for finite element based computational approach. 
Chapter 5. Results and Discussion. 




Chapter 2. Designing New Generations of BCC 
LSs and Building the Overall Lattice Models 
 
2.1 Overview 
In this study, commercial finite element software, ABAQUS/CAE 2016 [74] was employed 
to build and analyze 25 models of BCC LSs with strut angle variation from 40° to 100° 
with a step of 5°, including “12 models of fixed strut length (FSLMs) or constant weight 
(CWMs)”, “other 12 models of variant strut length (VSLMs) or variable weight (VWMs)”, 
and the “reference model (RM)”. BCC LS with equal dimensions of 15 mm x 15 mm x 15 
mm, consisting of 3x3x3 unit cells with dimension of 5 mm x 5 mm x 5mm for a single 
unit cell along with a strut angle and diameter of 70.53° and 1mm respectively, was 
considered as a reference structure to compare the mechanical properties of other BCC LSs 
of different strut angles with it. In other words, the mechanical characteristics of all 
designed models in both generations were compared with those of the reference model. 
Furthermore, additional 117 lattice models of 9 RDs (0.14-0.3 with a step of 0.02) 
corresponding to each of 7 strut angles (40°-100° with a step of 10°) selected from each 
generation (“FSLMs or CWMs” and “VSLMs or VWMs”) were built and analyzed using 
ABAQUS FE software based on applying the parametric study, comprising “54 FSLMs”, 




2.2 Modified-BCC LS Design of FSLMs (CWMs)  
Thirteen models of BCC LSs, including the reference model, with different strut angles 
were built in ABAQUS. Six of the models have strut angles higher than 70.53°, starting 
from 75° with an incremental step of 5° and ending with 100°. The other six models have 
strut angles lower than 70.53°, beginning with 65° and down to 40° with a decremental 
step of 5°. The variation in strut angles has a significant effect on the geometries of BCC 
lattice unit cell since all the dimensions of the unit cell are mathematically related with the 
strut angle as shown in Figure 2.1.   
 
Figure 2.1: The mathematical relationship between the strut angle, strut length and the 
other dimensions. 
 
Based on trigonometry, the lattice strut angle and length can be expressed in terms of BCC 
unit cell dimensions using Equations (3) and (4): 
 
















X, Y, Z and L are dimensions of a single BCC unit cell in millimeters units and Ø is the 
angle between lattice struts, measured in degrees, which are shown in Figure 2.1. The 
dimensions of all other modified BCC unit cells and LSs were determined corresponding 
to each strut angle by solving Equations (3) and (4), together with the fact that the base 
area has a square shape such that X=Z and the results were listed in Table 2.1.  
Table 2.1: The variation in dimensions of constant weight BCC unit cells and LSs. 
 
It is evident from Table 2.1, there are variations in the base area and the height of the unit 
cells with varying the strut angles. While in this case, i.e. the first generation or FSLMs, 
the strut length (L) of all thirteen models given in Equation (4) was kept constant and equal 




 Since the strut length did not change with varying the strut angles and the diameter 
of the struts was constant, the actual lattice volume filled by the lattice and the 
corresponding weight remained almost fixed. Therefore, all the thirteen lattice models of 
FSL built with same strut diameter are also named as “constant weight models (CWMs)” 
in other sections of the current dissertation. Fixed actual lattice volume or weight means 
changing the angles resulted in rearranging or reshaping geometrically the same volume of 
the reference BCC unit cell such that the increment in strut angle (Ø > 70.53°) produced 
longer modified features of BCC unit cells (the volume distributed longitudinally), while 
the decrement in strut angles (Ø < 70.53°) created wider adjusted BCC unit cells (the 
volume distributed laterally) as shown in Figure 2.2. In contrast, the solid lattice block 
volume was calculated based on the outer dimension changes with varying the strut angles 
due to the variations in the height and base area. Consequently, it is important to determine 
the values of the RD since it has a straightforward effect of high importance on the 
mechanical characteristics of the lattice. RD depends mainly on both the actual lattice 
volume and the overall solid volume of the lattice block. For this reason, the actual volume 
was determined accurately with considering the material distribution at strut intersections 
using ABAQUS diagnostic tool, which was almost constant for all thirteen models. While 
the solid volume was calculated for each model by multiplying the base area and the height. 
The values of the actual lattice volume and solid volume of constant weight BCC LSs as 





Figure 2.2: The features of constant weight BCC unit cells and LSs for (a) Ø = 100°, (b) 







2.3 Modified-BCC LS Design of VSLMs (VWMs) 
The same reference model was redesigned to create other twelve LSs with different strut 
angles with keeping the base area same, thus creating lattice designs whose strut length and 
weight vary with strut angles. For this reason, the current thirteen models of VSL built with 
the same strut diameter are also called as “variable weight models (VWMs)”. In this regard, 
changing the weight means the dimensions of the current BCC LSs were totally different 
from those of constant weight as shown in Table 2.2.  
Table 2.2: The variation in dimensions of variable weight BCC single unit cells and LSs. 
 
It is clear from Figure 2.3 that the base area did not change (X and Z) for all modified unit 
cells and LSs; whereas, both the height (Y) and the strut length (L) changed with varying 





Figure 2.3: The features of variable weight BCC unit cells and LSs for (a) Ø = 100°, (b) 
Ø = 70.53°, and (c) Ø = 40°. 
 
Mathematically, the lattice strut angle and length depended on the dimensions of the single 
unit cell, X, Y and Z, according to Equations (3) and (4). Also, the variation in a strut angle 
resulted in an apparent change in the volume and the weight of the modified BCC unit cells 
or LSs of the second set or generation. As the strut angle increased from 40° to 100°, the 
strut length and the height increased, and hence the volume and the weight of BCC unit 




all thirteen models, which equals to the base area of the reference model. Accordingly, the 
six models of strut angles less than 70.53°, were lighter than the other six models of strut 
angles higher than 70.53° as well as that the BCC LSs of minimum and maximum weight 
were at 40° and 100° respectively. Particularly, the actual material volume of BCC lattice 
unit cells or LSs laid out here was no longer constant as being noticed in the previous 
section. Again, the actual lattice volume corresponding to each strut angle was determined 
precisely considering the material distribution at strut joints using the diagnostic tool of 
ABAQUS. Whereas, the solid volume of the lattice block was determined directly by 
multiplying the base area and the height. The values of the actual lattice volume, solid 

















2.4 Building Modified-BCC LSs of the New Generations                                  
A procedure has been developed within a commercial finite element software, 
ABAQUS/CAE 2016 [74], in order to construct all the models of both generations adopted 
in the current dissertation. This procedure was named here as “smart procedure”. To 
explain the advantage of that procedure, it is important to point out the drawbacks of 
building the lattice models based on computer-aided design (CAD) packages. 
2.4.1 Drawbacks of Building Lattice CAD Models 
 In the earlier studies, the lattice models were built using CAD software programs, for 
instance SolidWorks®, and thereafter saved in STereoLithography (STL) format and then 
exported to the 3D-printer software, such as CatalystEX provided by Stratasys for the 
purpose of fabrication using AM technology [35]. However, for the purpose of performing 
analyses on the lattice model built using a CAD program, it is essentially to save the lattice 
CAD model again in a specific file extension, which should be supported and opened by 
the finite element software, to which the lattice CAD model will be exported. In other word, 
it is possible that the file format of the 3D-printer software, where the lattice model is 
printed or fabricated, is different from the file format, where the lattice model is analyzed. 
In this case, the lattice model constructed by CAD software should be saved in two different 
file extensions and exported two times, to the 3D-printer software and finite element 
software [28], which is considered as waste for the human effort and time [75]. This is not 
only the problem with building the lattice models using CAD software programs, but also 
there is another major problem. Which represents the difficulty of generating a regular and 




structure of the lattice is not simple as a cube or cylinder and contain more geometrical 
details, which in most cases even the volume decomposition does not provide a satisfied 
solution for it and the only option, which is available in handy, is to create tetrahedron 
mesh elements directly [71], which increases the computational time and reduces the 
accuracy of the results [70]. The last problem is that if it needs to change any of the 
structural parameters of a LS built using a CAD package for the purpose of analysis and 
optimization. Then either the entire lattice CAD model should be edited and saved again 
as well as exported to finite element software, which in turn is a tedious process [75], or an 
additional software tool linked the CAD program with the finite element software is 
required to create a type of interface between them such that changing any structural 
parameter in the lattice CAD model will induce a simultaneous change in the same 
structural parameter of lattice model in the finite element software. As an example, 
SolidWorks Associative Interface tool is used to link SolidWorks CAD program with 
ABAQUS finite element software [76] .However, interface tools are considered as 
additional requirements and are usually not incorporated as a part of the original CAD 
package. Thus, the users need to afford more cost to include the interface tool as a part of 
the original CAD software package. 
2.4.2 Advantages of the Smart Procedure 
The main goal of that procedure is to overcome the problems or limitations mentioned in 
the previous section. Building the entire LS inside ABAQUS in a systematic way not only 
helps reducing the human effort and time required to take the lattice model from CAD 
program to the finite element software but also provides a simple and direct way to change 




generating hexahedron mesh elements which have a major influence on the accuracy of the 
results and are well-known with their efficiency in reducing the computational time. The 
procedure starts with generating a solid single strut as shown in Figure 2.4.  
 
Figure 2.4: A solid single strut created by developing a procedure within ABAQUS, (a) 
without generating and (b) with generating hexahedron mesh elements. 
There are two unique characteristics associated with that strut. The first, it consists of eight 
subparts having geometrical shapes, similar to the regular shapes provided by ABAQUS 
library as shown in Figure 2.5 [77], which can be automatically meshed by hexahedron 
elements. 
 
Figure 2.5: Regular shapes provided by ABAQUS library, which can be meshed 





The second characteristic is that these eight subparts are merged together with keeping the 
internal and external boundaries between them such that their regular shapes do not change 
even though after the merging process, there by generating automatic hexahedron mesh 
elements for these subparts and hence for the entire single strut. In this respect, the 
abovementioned characteristics represent the main core of the smart procedure and are 
continuous to be valid and active even with creating the other struts, the single unit cell and 
the entire LS as shown in Figure 2.6.  
 
Figure 2.6: Building (a) two struts, (b) half-unit cell, (c) single unit cell (d) and entire 
lattice with hexahedron mesh elements dependent on a procedure developed within 
ABAQUS.  
Moreover, the lattice models built within ABAQUS by the smart procedure can be saved 




purpose of fabrication. By this way, all the lattice models of both generations were built 
and analyzed using the same software, ABAQUS. In a similar way, changing the structural 
parameters of LSs can also be performed using that procedure, which will be clarified later 
in the next sections. Therefore, there is no necessity for using both SolidWorks and 
SolidWorks Associative Interface tool, thereby saving human time and effort along with 
reducing the expenses associated with working on them.      
2.4.3 Changing Lattice Geometries Based on the Smart Procedure   
It is worthwhile to mention that the strut radius can be changed as shown in Figure 2.7. For 
example, instead of 0.5mm, any other value for the strut radius can be specified. Then, an 
update or regeneration for the lattice feature should be conducted to apply and accept the 
new strut radius. Without the final steps, the new strut radius can’t be accepted.   
 





 In addition, the size of the single unit cell can be manipulated or controlled through 
changing the coordinates of eight edge points as shown in Figure 2.8, which represent the 
outer dimensions of the unit cell. Thereafter, an update or regeneration of the lattice feature 
is required to apply and accept the new changes, similar to the strut radius update or 
regeneration.   
 
Figure 2.8: Changing the size of a single unit cell based on a procedure developed within 
ABAQUS. 
Furthermore, the number of unit cells can be controlled and varied by two simple steps. In 
the first step, the unit cell distribution is carried out in the 2D-plane or xy-plane by selecting 
the required number of unit cells and the distance between them as shown in Figure 2.9 (a). 




any two axes out of which it is composed. For example, to choose the xz-plane instead of 
xy, the x-axis and z-axis should be assigned to tessellate the unit cells in xz-plane as shown 
in Figure 2.9 (b).   
 
Figure 2.9: Changing the plane where the unit cells are tessellated based on a procedure 




The second step of controlling the number of unit cells is to copy and repeat the lattice 
layer which has been already built in a certain plane and, of course, the number of layers 
and the direction of tessellation are required to complete constructing the whole 3D lattice 
model as shown in Figure 2.10. Where, 2D-layer built in xy-plane with 3x3 unit cells, 
highlighted with red color, are copied three times and repeated in the negative z-direction 
 
Figure 2.10: A single lattice layer in xy-plane has been copied and repeated three times in 
the negative z-direction by a procedure developed within ABAQUS. 
Up to this point, there is an important step required to be conducted to complete building 
the whole LS in a right manner. The unit cells that the lattice contains should be combined 
together, with the most importantly keeping the internal and external boundaries without 






Figure 2.11: Combining the unit cells of the entire lattice with keeping the internal and 
external boundaries based on a procedure developed within ABAQUS. 
Thereby generating a LS that can be meshed automatically with hexahedron mesh elements 
since all the small parts or subparts involved in the unit cells or entire lattice have 
geometrical shapes similar to the regular shapes of ABAQUS library, recognized with 
automatic hexahedron mesh elements.  
2.5 Building Modified-BCC LSs of Different RDs                                  
It is worth indicating that the next step after introducing the LS design is to create additional 
models of various RDs based on changing the strut radius corresponding to each of the 7 
strut angles within a range 40°-100° with a step of 10° selected from each generation, i.e. 
7 models out of FSLMs (or CWMs) and other 7 models out of VSLMs (or VWMs) were 
selected such that 13 modified BCC lattice models as a total number are selected out of 25 




of 0.02 is set as a target to build nine lattice models based on varying the strut radius. In 
other words, a parametric study was applied to each modified BCC Lattice model of the 13 
ones selected from both FSLMs and VSLMs, starting with an initial value for a strut radius 
corresponding to a target or required RD within the specified range and then building the 
entire lattice model with ABAQUS FE software. After that, the actual lattice volume and 
the overall lattice block volume of the generated model are measured by using ABAQUS 
diagnostic tool to determine the RD. Then, the resultant value will be compared with the 
required or target one in order to check whether the assumption or the initial value of the 
strut radius is correct or not. If the resultant one matches with the required RD, it means 
that the initial value of the strut radius is correct. While in the case that value of the resultant 
RD and the target one does not agree with each other, another assumption will be initiated 
based on the feedback from the difference between these two values. The last procedure 
was repeated several times till estimating the exact strut radius and the associated 
geometries corresponding to each RD within the specified range for all lattice models in 
both sets. In consequence, 63 lattice models of fixed strut length listed within the FSLMs 
and other 63 models of variant strut length considered as a part of the VSLMs were 
generated. Thus, as shown in Figure 2.12, the total number of models required to create the 
generalized closed-form equations based on the parametric study are 117, not 126, owning 
to the repetition of 9 RMs corresponding to 70.53° strut angle with 9 different RDs of the 
specified range. Most importantly, the 63 models of fixed strut length have no longer 
constant actual lattice volume or weight due to varying the strut diameters with the RD. 
For this reason, these models cannot be indicated to as constant weight models (CWMs) 




strut angle variation. The actual lattice volume or weight of the other 63 models of variable 
strut length are varied not only due to varying the strut length but also owning to varying 
the strut diameter with RD and it was preferred to be called here as (VSLMs). 
 
Figure 2.12: Classifications of the 117 lattice models adopted in the current research with 
respect to the strut angles, strut length and RDs.      
To this end, since the parametric study can take longer time for generating the lattice 
models of various RDs, closed-form equations relating the RD with strut radius will be 
created as a part of the overall equations provided in the current dissertation, in order to 
determine strut radius directly without the need for applying further parametric studies. 





2.6 Remarks Regarding the 25 and 117 Lattice Models 
As a short review, the 117 lattice models built based on the parametric study and introduced 
in the previous section were originally created as an extended study from the 25 lattice 
models. To explain that, 13 models out of 25 ones were selected, including (6 FSLMs or 
CWMs), other (6 VSLMs or VWMs) and (RM). In another way, it is possible to say that 
the 13 models consist of (7 FSLMs or CWMs) and other (7 VSLMs or VWMs) 
corresponding to strut angle variation from 40°-100° with a step of 10°, where the (RM) is 
repeated in both sets. Thereafter, 9 models with different RDs (0.14-0.3 with a step of 0.02) 
were built corresponding to each of the selected 13 models in order to create the current 
117 lattice models, which were categorized as 54 (FSLMs), other 54 (VSLMs) and 9 
(RMs). Also, 117 models can be divided in another way as (63 FSLMs) and other (63 
VSLMs), where (9 RMs) were involved within each set. In this regard, it is worth noting 
that the weight or actual lattice volume of both (63 FSLMs) and (63 VSLMs) change 
notably due to varying the RD based on changing the strut diameter. For this reason, it is 
not reasonable to name the 63 fixed strut length models (FSLMs) as constant weight 
models (CWMs) and the other 63 variant strut length models (VSLMs) as variable weight 
models (VWMs). However, it was indicated before to the first set of 25 models as (FSLMs 
or CWMs) and the second set as (VSLMs or VWMs) since the lattice models of the first 
set have fixed strut length and almost constant actual lattice volume or weight as well as 
fixed strut diameter with strut angle variation. Besides, the models of the second set exhibit 
a change in the actual lattice volume or weight with strut angle variation, which is in turn 
induced by the change of the strut length with varying the strut angles while the strut 




similarities between the 25 lattice models built for introducing two lattice design 
generations based on strut length and orientation and the 117 lattice models initiated from 
the 25 lattice models for the purpose of developing generalized closed-form equations and 
providing more systematic analyses to understand deeply how the CMPs and GPs of BCC 




Chapter 3. Finite Element Modeling 
 
3.1 Overview 
In this chapter, the mechanical characteristics of the overall lattice models adopted in the 
current dissertation, i.e. 25 and 117 models, have been evaluated computationally by 
conducting a quasi-static axial compression test on each lattice model based on FEMs using 
ABAQUS/CAE 2016. In this regard, for the purpose of simulating the lattice compressive 
mechanical behavior in an efficient manner, it is required to define adequately and 
accurately the solid constitutive material properties out of which the lattice is composed as 
well as the boundary and loading conditions. Besides, the equivalent elastic modulus and 
effective strength estimation of the lattice were explained. Appropriate mesh generation 
and convergence analyses were also discussed in order to provide accurate results at a 
reasonable computational time. It is also worthwhile mentioning that 3x3x3 unit cells were 
selected to build and analyze all the lattice models dictated in the current dissertation based 
on a preliminary investigation for the effect of lattice cell tessellation on the CMPs and 
GPs. This investigation was illustrated and discussed in details in the current chapter.  
3.2 Bulk Material Properties 
The solid constitutive material allocated to all FE models was Acrylonitrile Butadiene 
Styrene (ABSplus-P430), a thermoplastic polymer which has a density and Poisson’s ratio 




  This material has been adopted here since it is widely used in additive 
manufacturing or 3D-printing research area [32] [78]. The elastic modulus, yield stress, 
plastic strain and ultimate failure strength of ABS material are 861.5MPa, 25.77MPa, 
0.0455 mm/mm and 33.32MPa respectively. These data were already measured at the 
laboratories of Wright State University by a team of graduate students and introduced in 
the literature [28] [35] [44], based on conducting standard tensile (ASTM D882) and 
compression (ASTM D695, ISO 604) tests on ABS-specimens fabricated by fused 
deposition modeling (FDM) technology [79]. Also, it is important to mention that ABS 
material behavior of the printed samples was assumed to be isotropic for the purpose of 
modeling simplification, in spite of the fact that the fabricated samples by 3D-printers have 
anisotropic behavior due to layer-by-layer based fabrication approach [80].   
3.3 Boundary and Loading Conditions 
To apply accurate boundary and loading conditions, the lattice is placed between two plates 
such that its top and bottom faces were tied to perfect rigid plates whilst all other four faces 
or sides of the lattice are free or unconstrained as shown in Figure 3.1. The advantage of 
utilizing rigid plates is that they cannot be deformed when subjected to any type of loading. 
So, if a point on a rigid plate is displaced by a specific value, the entire rigid plate and the 
face of the lattice tied to it will be displaced by the same amount. Also, fixing any point on 
the rigid plate means that the overall rigid plate and the face clamped to it will be fixed. In 
that manner, the boundary and loading conditions of the lattice models were selected to 
coincide with the real boundary conditions of the compression test, thereby allowing the 
top face of the BCC LS model to move with a relatively large displacement towards the 





Figure 3.1: The tied top and bottom faces of the lattice with rigid plates are recognized by 
yellow, while the other four sides are unconstrained. 
 These types of conditions adopted in the current research are called constrained boundary 
conditions and have been used in the literature by many researchers [22] [28] [31] [33]  
[35] [44].  
 
Figure 3.2: The applied boundary and loading conditions of the finite element modeling. 




3.4 Lattice Equivalent Modulus and Strength Estimation  
In order to estimate the equivalent elastic modulus of the modified BCC LSs in the 
direction of applying the displacement, the reaction force was measured at the upper plate 
and its data were extracted from ABAQUS and exported to Excel file in order to plot the 
load-displacement curve. The slope of the curve represents the load-displacement stiffness, 
denoted by K measured in (N/mm). Hence, the lattice equivalent modulus was determined 

















 × K Equation (5) 
Where E is the modulus of elasticity, sometimes called equivalent elastic modulus since it 
represents the modulus of the whole LS, as well as to distinguish it from the one of solid 
constitutive material, measured in (MPa). Also,  δ is the applied compressive displacement, 
H is the total height of the lattice and A is the cross-sectional area of the lattice. All of these 
were explained as shown in Figure 3.3 and measured in (mm), (mm), and (mm2) 
respectively. Regarding the effective strength of the lattice, it has been estimated based on 
the same traditional way of identifying the yield point by plotting a line shifted with 0.2% 
on the strain axis. This line has a slope equal to the equivalent elastic modulus of the lattice 
required to find its effective strength. The intersection point of the lattice stress-strain curve 
with that line represents the effective strength [82]. To this end, it is important indicating 
that the effective lattice strength signifies the equivalent strength of the entire LS and does 








Figure 3.3: The essential geometries for determining the equivalent elastic modulus of the 
lattice. 
 
3.5 Mesh Generation Based on Smart Procedure 
There are two types of elements, usually used for mesh generation, tetrahedron and 
hexahedron. In the References, [39] [46] [47] [48] [50] , researchers employed tetrahedral 
elements that can be generated automatically in most FE software. In this regard, 
hexahedral elements require a lot of user-intervention to be generated [71]; however, they 
are generally recommended over tetrahedral elements since they offer high performance 
with respect to the computational time and the accuracy of results [70]. For this reason, 
intensive efforts to build and employ hexahedral elements were dictated in this research. A 
“smart procedure”, introduced in chapter 2, has been developed in ABAQUS FE software 
to create the hexahedral elements of a single BCC unit cell and the overall LS. That 




In other words, it can be applied for all modified BCC LSs of different strut angles and 
RDs. The key point to adopt that procedure is to build the entire LS in ABAQUS software 
starting from the lattice struts of a single BCC unit cell and ending with the overall BCC 
LS. This approach is different from previous studies where the LSs were built in the CAD 
package and then exported to the FE software [28] [35]. By that means, LS cannot be 
meshed automatically using hexahedral elements, especially for structures with 
complicated design, and the only valid option in that case is the tetrahedron meshing. 
However, the smart procedure developed in this study depends on building the entire LS 
in ABAQUS software without importing any 3D object from CAD package. Accordingly, 
all the lattice models adopted in the current dissertations were meshed with hexahedral 
elements using the smart procedure. That procedure was proved to work efficiently in 
generating hexahedral mesh elements for all modified BCC LSs. To this end, it is worth 
indicating that the element formulation selected for simulating all lattice models was 
continuum stress-displacement, 3D or linear break with eight nodes, and reduced 
integration designated as C3D8R according to ABAQUS scheme. 
3.6 Convergence Analysis and the Effect of Unit Cell Number 
It has been found that mechanical characteristics of LSs are influenced by the number of 
unit cells due to the effect of boundaries [45] [69] [83]. To explain that, a preliminary study 
for the effect of unit cell number on the mechanical behavior of the lattice (engineering 
stress-strain curve) was carried out by using finite element modeling of the quasi-static 
axial compression test considering the same boundary and loading conditions, mesh 
element type and the other details discussed earlier. Figure 3.4 shows five models of the 




0.6747mm. In this regard, corresponding to each unit cell number as an essential step, the 
mesh convergence analysis was conducted between the RE and the number of elements per 
unit cell to ensure that the results are accurate enough. The number of elements per unit 
cell is considered as a kind of normalization, which means that the total number of elements 
for a certain model are divided by the number of unit cells out of which it is built [45].  
 






It has been noticed that the convergence error can be reduced to insignificant values 
by using number of elements per unit cell higher than or equal to 2000 for all lattice cell 
repetitions. Simply, multiplying that number, 2000, with the number of unit cells ranging 
from 1x1x1 to 5x5x5 yields the corresponding total number of elements within a range 
from 2000 to 250000. In consequence, the effect of lattice cell tessellation on the 
compressive mechanical behavior of the lattice with using the above results of convergence 
analysis is shown in Figure 3.5, for the RM of 0.3 RD or 0.6747mm strut diameter.     
 
Figure 3.5: The effect of lattice cell tessellation on the compressive mechanical response 
of the lattice, starting with 1x1x1 to 5x5x5 unit cells for the RM of 0.3 RD. 
As noticed in Figure 3.5, the mechanical response (engineering stress-strain curve) and the 
associated CMPs are relatively high for 1x1x1 lattice cell tessellation due to the constrained 
boundary conditions and the direct effect of the boundary conditions, which are applied on 
all solid struts of a single unit cell. However, they reduce with increasing the number of 




number of unit cells out of which the LS is composed. Viz. a smaller number of cell struts 
with respect to the total number of struts are under the impact of boundaries. Thus, the 
mechanical behavior and the corresponding CMPs clearly begin approaching to each other 
for 3x3x3, 4x4x4 and 5x5x5 unit cell distributions. For this reason, the last three lattice cell 
arrangements were frequently used in the literature by several researchers [16] [45] [69] 
[84]. In the current research, 3x3x3 lattice cell tessellation was selected to simulate the 
compressive mechanical behavior of all modified BCC LSs in both sets for the purpose of 
saving further computational time. In other words, all the results regarding the strut angle 
variation and changing the RD with considering both the fixed and variant strut length as 
design constraints will be provided for 3x3x3 unit cell repetitions in the next sections. With 
using the former lattice cell tessellation, a convergence analysis was conducted on the 
seven models of fixed strut length and the other seven models of variant strut length with 
30% RD and strut angle variation from 40° to 100° with a step of 10° as shown in Figure 
3.6 (a) and (b) respectively. As a result, the total number of elements that reduce the 
convergence error to insignificant values were found to be higher than or equal to 50000 
elements corresponding to all models of fixed and variant strut length with 30% RD. In a 
similar way, as convergence study was conducted on all other lattice models of different 
RDs, it was significantly observed that the same number of elements can also provide 
reasonable results.  In this regard, Figure 3.7 shows a discretized model with the 






Figure 3.6: Mesh convergence analysis for the seven models in the FSLMs (a) and (b) 
VSLMS of 0.3 RD and strut angle variation from 40° to 100°. 
Up to this end, mesh convergence analyses are really important in saving computational 












Chapter 4. Experimental Work 
 
4.1 Overview 
In this chapter, it will be discussed the lattice design, the fabrication process of the lattice, 
the manufacturing parameters selected for the printing process, the type of 3D-printer 
adopted to fabricate the lattice samples, the associated material type out of which the 
samples were printed and the process of removing the support material from the 
constructed lattice samples as a final step after completing the fabrication process. 
4.2 Lattice Design  
As mentioned previously in chapter 3, ABAQUS/CAE 2016 based on the smart procedure 
was used to design all the lattice models and, of course, was employed too to design the 
reference LS for the purpose of printing and performing experimental test instead of 
employing a separate CAD software for that purpose. A body centered cubic (BCC) unit 
cell was created by ABAQUS using the smart procedure, as shown in Figure 4.1(a). The 
dimensions of   a single unit cell are 5 mm x 5 mm x 5 mm with a strut angle between the 
lattice struts is 70.53°. The BCC LS was then assembled by copying the unit cell three 
times in all directions as shown in Figure 4.1(b). The total number of cells in the designed 
LS was 27, the overall dimensions are 15 mm x 15 mm x 15 mm. The designed model by 
ABAQUS was saved in STereoLithography, STL, a type of geometry format adopted to 




an approximation. The STL file was then exported from ABAQUS to the 3D printer 
software CatalystEX provided by Stratasys and then processed by the same software.   
 
Figure 4.1: ABAQUS reference model for the purpose of fabrication, (a) BCC single unit 
cell and (b) BCC LS. 
4.3 Lattice Fabrication and Material Used 
As it can be seen in Figure 4.2 [28], a fused deposition modeling (FDM) based 3D-printer, 
uPrint SE plus, produced by Stratasys was used to fabricate the reference LS using default 
settings including 0.254 mm layer thickness and sparse high infill density, which were 
adopted in the earlier studies by several researchers [28] [29] [31] [32]. Technically, it is 
important to point out that the layer thickness should equal to the nozzle diameter of the 
model material since the FDM based 3D-printer consists of two nozzles, one for extruding 
the model material and the other for the extruding the support material. In addition, all the 
specimens were printed in a closed chamber with a size capacity of 200mm x 200mm x 
150mm and a temperature of 77°C. In addition, the temperature of the model material 





Figure 4.2: FDM based 3D-printer, uPrint SE plus produced by Stratasys. 
 
The material used to fabricate the specimens was an ivory-colored production-grade 
thermoplastic polymer ABSplus-P430 and this is the only material type that can be used 
with this type of printer [85]. Six specimens of the reference LS were fabricated for the 
purpose of conducting experimental quasi-static axial compression test. 
4.4 Support Material Removal 
After completing the fabrication process, there will be some support material around or 
even inside the main feature of the printed lattice samples, which is used as a support 
structure or a frame to ensure building the lattice configuration precisely and successfully. 




of the lattice configuration and the manufacturing parameters [28] [30]. As it can be seen 
from Figure 4.3, the red color portions represent the main structure of the printed lattices, 
while the white ones refer to the support material [29].   
 
Figure 4.3: Different types of LSs during the processing stage of CatalystEx software 
before the fabrication, consisting of the red portions, the main structure of the            
lattice, and the white ones, the support material. 
In order to remove the support material, support cleaning apparatus, SCA, 1200HT 
provided by Stratasys, shown in Figure 4.4 [86], was employed to clean the fabricated 
lattice samples from the support material. Indeed, SCA consists of a bath filled with a 
chemical solution, which reacts with the support material in order to dissolve it, while it 
does not have any effect on the model material or the material that the lattice is made of, 
which represents here ABSplus-P430. In this regard, the time required to remove the 
support material from the printed samples of the reference LS is about 6 hours. In addition, 
safety tools are required, for instance goggle and gloves, when taking out the samples from 
the chemical bath. After removing the support material, the printed samples should be put 





Figure 4.4: Support cleaning apparatus, SCA 1200HT, provided by Stratasys,                          
(a) the entire device and (b) the chemical bath. 
Up to this point, three of the six printed samples of the reference LS after dissolving the 
support material are shown in Figure 4.5.  
 
Figure 4.5: The fabricated samples of the reference BCC LS after removing the support 
material. 
4.5 Compression Test  
The experimental compression test of the fabricated reference LS samples was conducted 
using two devices, INSTRON 5500 R universal testing machine and micro-tester equipped 
with  FG 3008 load cell. The reason for conducting the compression test using two devices 




three of the printed lattice samples were tested by universal testing machine, while the other 
three samples were tested by the micro-tester.  
4.5.1 Universal Testing Machine 
The universal testing machine, INSTRON 5500 R, can apply a maximum compression load 
of 150 KN [88]. All the three lattice specimens were compressed approximately by a 
displacement of 0.8 mm with a constant displacement rate of 0.5 mm/min, where the 
applied compressive displacement was found to be enough to induce plastic yielding in the 
fabricated samples. The load-displacement data were recorded using Bluehill2®, a 
commercial software associated with the testing machine, and then plotted in Excel. Figure 
4.6 shows BCC reference LS specimen during the compression test.  
4.5.2 Micro-tester 
Since the load capacity of INSTRON 5500 R universal testing machine is high and the 
printed lattices samples are made of a thermoplastic polymer, ABSplus-P430, considered 
as a light material with relatively low mechanical strength comparing with Titanium alloys, 
Ti6AL4V, and Stainless Steel, 316L.Then, an additional compression test was conducted 
using a micro-tester equipped with FG 3008 load cell as shown in Figure 4.7. The micro-
tester was adopted in the current dissertation for the purpose of recording accurate 
measurements due to its small load capacity, 500 N, and the associated high resolution, 





Figure 4.6: BCC Reference LS specimen compressed by INSRON 5500 R universal 
testing machine. 
Typically, the compressive displacement or load is applied on the lattice specimens 
through rotating a wheel located at the top of device in a counter-clock direction. In this 
regard, each of the three fabricated lattice samples was compressed several times by 
incremental displacements without inducing any failure in the printed samples. 
Simultaneously, the applied displacement and the corresponding compressive load were 
measured automatically using electronic caliper and load cell, which are considered as 
main parts of the micro-tester. Then, data points were recorded and collected in Excel file 
corresponding to each sample. After that, the values of the load-displacement stiffness were 




conducting non-destructive tests. For this reason, the applied displacements are small, 
which are within linear elastic limit. 
 





Chapter 5. Results and Discussion 
 
5.1 Overview 
In this chapter, the results were classified into three main parts. First of all, a validation for 
the computational modelling approach was achieved by comparing the compressive 
mechanical behavior of reference FE model, corresponding to 1mm strut diameter, with its 
counterpart of the experimental work. The second part was introduced through analyzing 
and discussing the results of 25 models represented in two lattice generations, 12 FSLMs 
or CWMs (recognized with fixed strut length and constant weight) and other 12 VSLMs 
or VWMs (identified with variant strut length and variable weight) as well as the RM. The 
aim of this part is to explain the effect of strut length and orientation on mechanical 
performance of BCC LS. The last part was presented here through using the data extracted 
from the results of 117 models, built based on 9 RDs and 7 strut angles selected from each 
generation and categorized as 54 models of fixed strut length (FSLMs) and other 54 models 
of variant strut length (VSLMs) along with 9 RMs. In this part, generalized closed-form 
equations were created to predict both CMPs and GPs by fitting the data with scaling laws. 
Besides, systematic analyses were conducted to study the influence of changing the strut 
angles on the deformation mechanisms through determining Gibson and Ashby’s 




       
5.2 Comparison between Experimental Work and FE Simulation 
Figure 5.1 shows a comparison between load-displacement curves obtained experimentally 
by compression test using universal testing machine and the one of the FE modelling for 
the RM of 1mm strut diameter or 0.178 RD.  
 
Figure 5.1: The compressive load-displacement behavior of the RM for the FE simulation 
and the three specimens tested experimentally by INSTRON 5500 R. 
It is clear to notice that the mechanical behavior of the printed lattice samples during the 
compression test was since the applied displacement was large enough to make the lattice 
specimens begin yielding plastically. It was also shown that the load-displacement curve 
predicted by FE modeling matched well with those obtained by the experimental tests. In 
this respect, the average values and standard deviations of load-displacement stiffness (K) 
and yield load (Fy) measured by experiments using universal testing machine and the 




displacement stiffness and its standard deviation measured experimentally using micro-
tester were also involved in the same table. 
Table 5.1: K and Fy values of the experimental works and FE model for the RM. 
 
Since both the stiffness and yield force values or the general trend of the load-displacement 
curves of FE model and experimental testes for the RM have been in good agreement. That 
means, the boundary and loading conditions were validated for the reference model, so the 
same conditions were adopted for all other models in this study. Subsequently, the finite 
element simulation can be considered as an efficient and sufficient technique to study the 
effect of changing the strut length and orientation on the mechanical characteristics of 
modified BCC LSs, which in turn helps to save more row materials and time relevant to 
the manufacturing process. 
5.3 The Results of 25 Models 
In this part of the results, the effect of varying the strut angles on the compressive 
mechanical behavior of the adopted lattice models was explained by comparing the CMPs 
of all twelve models in the first generation (FSLMs or CWMs) and the other twelve models 




compressive mechanical behavior and the actual lattice volume or weight of all lattice 
models in the first generation were compared with those of all lattice models in the second 
generation to investigate the improvement in the CMPs ensuing from changing the general 
BCC lattice design from a constant to variable weight or from a fixed to variant strut length, 
corresponding to the same variations of the strut angles with keeping the strut diameter the 
same for all 25 modified BCC lattice models, which is equal to 1mm.  
5.3.1 The Results of FSLMs (Constant Weight BCC LSs)   
The compression test of all thirteen BCC LSs of different strut angles and constant weight 
or fixed strut length was simulated explicitly using ABAQUS FE software with applying 
the same loading and boundary conditions. The load-displacement curves for all structures 
under compression were extracted from ABAQUS to study the influence of strut angle 
variation on the mechanical properties measured in the direction of applying the 
displacement, including specific stiffness (SK), specific energy absorption (SEA), 
equivalent modulus of elasticity (E) and effective strength (Y). SK is defined as the slope 
of the load-displacement curve, which was indicated to as (K) in the earlier sections of this 
dissertation, per unit mass and SEA is the area under the load-displacement curve (EA) 
divided by the mass corresponding to each model. Both are important mechanical 
characteristics in designing LSs, providing an efficient technique for comparing the 
mechanical characteristics of LSs with respect to the mass [29] [31] [35] [90]. Figure 5.2, 
shows the effect of strut angle variation on the specific load-displacement stiffness. It is 
clear that the SK goes up with increasing the strut angle, higher than 70.53°. On the other 




differences are not significant. The decrement in strut angles, lower than 55°, causes also 
increasing in the values of SK.  
 
Figure 5.2: Comparison between the trends of specific stiffness with strut angle variation 
for constant and variable weight BCC LSs. 
Furthermore, the trend of the SEA with strut angle variation is similar to the one obtained 
for SK. The reason for the trends of the SK and SEA with strut angle variation is related to 
the relative density (RD) of LSs, which varies with strut angle variation as shown in Figure 
5.3. It can be seen that the trends of SEA absorption and SK are the same as that of RD. 
This is reasonable since RD plays a major role in determining the mechanical 
characteristics of the CSs [10] [11]. That means the air gaps or voids inside the LS are 
reduced as RD increases, producing denser LS. The denser the LS, the higher the 
mechanical properties [4] [39] [45] [47] [66] [91]. In addition, the strut angle, strut length 
and the cell size are related together and to the RD, so varying any one of them will cause 






Figure 5.3: Comparison between the trends of relative density with strut angle variation 
for BCC LSs of constant and variable weight. 
Nevertheless, the tendency of equivalent elastic modulus of the lattice with strut angle 
variation is different from those of the SK and SEA, notably for strut angles less than 
70.53°, as shown in Figures 5.4. It is obvious that equivalent elastic modulus of the 13 
BCC LSs with constant weight increase monotonically from 40° to 100°. As a justification 
for the tendency of E, it is essential to mention that the latter is a function of the height to 
base area ratio and the load-displacement stiffness based on Equation (6): 
 E = HBAR × K   Equation (6) 
Where E is the equivalent elastic modulus, HBAR is the height to base area ratio and K is 
the stiffness, measured in (MPa), (1/mm) and (N/mm) respectively. In this regard, K trend 





Figure 5.4: Comparison between the trends of equivalent elastic modulus with strut angle 
variation for BCC LSs of constant weight and variable weight. 
According to Equation (6), E trend is a combination of HBAR and K tendencies even 
though its behavior is analogical to that of HBAR as shown in Figure 5.5.Thus, parameters 
that affect K and HBAR will also have an effect on E. Accordingly, RD has also an effect 
on E, particularly for strut angles higher than 70.53°, whereas there is a contradiction 
between the trend of RD and E for strut angles lower than 70.53°, which can be attributed 
to the fact that E not only depends on RD but also relies on HBAR of LS based on Equation 
(6). To explain that, even though RD increases for strut angles lower 70.53°, the 
corresponding HBAR decreases clearly with smaller values as shown in Figure 5.5, so 
combining these two effects together based on Equation (6) induced a general reduction in 




HBAR values increase, so the combination of them causes an apparent increase in the E 
values. 
 
Figure 5.5: Comparison between the trends of height to base area ratio with strut angle 
variation for BCC LSs of constant and variable weight. 
Consequently, it can be concluded according to Equation (6) that the influence of the 
HBAR on E trend for strut angles smaller than 70.53° is more prominent than that of the 
RD, resulting in a decrement in E values on that side, which in turn justifying the 
contradiction that occurred between E and RD. Similar to the equivalent elastic modulus 
behavior, the trend of effective strength of BCC LSs with constant weight increases in one 
direction with increasing the strut angles from 40° to 100°, as illustrated in Figure 5.6. This 
is in turn different from the trends of SK and SEA, especially for strut angles lower than 
70.53°. In spite of the rough similarity between the trends of effective strength and 




them. On the contrary of equivalent elastic modulus which depends on HBAR and K 
according to Equation (6), it is difficult to find an explicit equation relating directly the 
effective strength of the overall LS with the other geometries or mechanical properties. 
 
Figure 5.6: Comparison between the trends of effective strength with strut angle variation 
for BCC LSs of constant weight and those of variable weight.  
However, like all other CMPs, the effective strength depends on the RD and the 
deformations mechanisms. Therefore, it will be discussed in section 5.4.1.1, based on 
extensive systematic analyses for the deformations mechanisms through varying the RDs 
and fitting the resultant data with the scaling laws.    
As a result, all the strut angles higher than 70.53° have apparent improvements in 
the SK, SEA, E and Y, while reducing the strut angles results in a decrement in both E and 
Y for all angles less than 70.53°. However, the SK and SEA are clearly improved for the 




strut angles of 100° has higher percentages of improvements in the mechanical properties 
than those of 40° BCC LS measured with respect to the reference model, which are 54%, 
53%, 142% and 226% for SK, SEA, Y and E respectively. Accordingly, the BCC LS of 
constant weight and fixed strut length with a strut angle of 100° is considered the best of 
all thirteen models because of its superior compressive mechanical properties. 
5.3.2 The Results of VSLMs (Variable Weight BCC LSs)  
All the twelve models of BCC LSs with different weights and strut angles were built and 
simulated under quasi-static axial compressive loading using ABAQUS/EXPLICIT. In 
addition, the load-displacement curves were exported from ABAQUS to Excel file to study 
the influence of strut angle variation on mechanical characteristics comprising SK, SEA, 
E and Y. Figure 5.2 shows that SK decreases monotonically with strut angle variation from 
40° to 100°. Obviously, decreasing the strut angles lower than 70.53° causes significant 
increments in the SK values. Indeed, there are only slight differences in the values of SK 
for strut angles higher than 70.53°. In addition, the tendency of SEA is similar to the trend 
of SK with strut angle variation. The SK and SEA trends were affected by the RD as 
mentioned in the previous section. Since the weight and volume of twelve models of LSs 
adopted in the current section varied with strut angles, RD trend would be totally different 
from that of constant weight LSs as shown in Figure 5.3.  As it is expected that RD 
decreases monotonically as the strut angles increase from 40° to 100°, which is almost the 
same tendency of SK and SEA. In contrast, the trend of E is totally different from the 
tendencies of SK and SEA with strut angle variation as shown in Figure 5.4. There are 
significant increments in the values of E for strut angles higher than 70.53°. Whereas, E 




reduction in E for strut angles 65°, 60°, 55°, and 50° are not considerable comparing with 
that of the reference model. Significantly, the E values increase clearly for the last two 
angles on the decrement side. Obviously, E trend with strut angle variation is not influenced 
mainly by RD, particularly for strut angles higher than 70.53°. Indeed, E and RD should 
be proportional with each other [10] [11] [39] [45] [58]; however, there is a kind of 
contradiction in the trend between them for strut angles higher than 70.53°.That 
contradiction can be justified according to Equation (6), this is owing to the fact that the 
modulus relies not only on RD but also on the HBAR of the LS. Where, the higher values 
of HBAR on that side are combined with the lower values of RD, resulting in an increment 
in the values of E with increasing the strut angles higher than 70.53°. That means, the effect 
of the HBAR on the modulus are more dominant than that of RD for strut angles higher 
than 70.53°. Conversely, the influence of RD on the E values for strut angles smaller than 
70.53° is approximately more predominant than the effect of HBAR. In addition, not only 
the trend of equivalent elastic modulus is different from that of SK and SEA but also the 
general tendency of effective strength with strut angle variation is different from the trends 
of SK and SEA. It can be noticed from Figure 5.6 that the effective strength increases with 
strut angles variation on both sides of the reference model. In other words, the values of 
effective strength almost increase for strut angles higher and lower than 70. 53°.In this 
respect, it is obvious to notice that increment rate for strut angles lower 70.53° is more 
significant than that for strut angles higher than 70.53°. It has also been found that the strut 
angles, 70.53° and 75°, have roughly the same values of the strength. Despite the 
approximate similarity between the trends of E and Y as shown in Figures 5.4 and 5.6 




investigation in the mechanical and structural characteristics that the effective strength of 
LSs depends on is considered scarce till nowadays since there is not a distinct relationship 
correlating the effective strength of the overall lattice with the other mechanical and 
structural characteristics. This is in contrast with the equivalent modulus of LSs, which is 
related directly to the stiffness and height to base area ratio through a familiar formula in 
the field of lattice structure design, which represents Equation (6) [45] [49] [69] [81] [82].                                                                                                                                               
Consequently, the BCC LS of variable weight with a strut angle of 40° shows high 
percentages of improvements in the mechanical characteristics, which are about 187%, 
187%, 55% and 21% for SK, SEA, Y and E respectively. However, the others of variable 
weight with strut angles of 95° and 100° have higher percentages of improvements in E 
than that of 40°, which are 42% and 53% respectively, but they have percentages of 
decrement in SK and SEA. Remarkably, the BCC LS with a strut angle of 40° is considered 
the best of all thirteen models of variable weights due to its promising energy-absorbing 
capacity.  
5.3.3 Comparison between the Constant and Variable Weight BCC LSs 
In this section the effect of changing the structural design of BCC LSs from constant to 
variable weight or from fixed to variant strut length on the mechanical deformation 
behavior was discussed by making a comparison between SK, SEA, Y and E for the 
constant and variable weight BCC LSs. Interestingly, with changing the structural design 
of BCC LSs from constant to variable weight, it is clear that not only the weight was 
changed but also the other geometries were varied, for instance the height, base area, actual 
lattice volume and solid volume, which have significant effects on the compressive 




5.3.3.1 Comparison Based on Lattice Volume, Mass or Weight 
As it can be seen in Figure 5.7, changing the structural design from constant to variable 
weight or from fixed to variant strut length causes decrements in the actual lattice volume, 
mass or weight for all six models with strut angles smaller than 70.53° and the percentages 
of decrement raise up with decreasing the strut angles such that the BCC LS of 40° has 
highest percentage of reduction in weight, which is about 20%. 
 
Figure 5.7: Comparison between the trends of actual lattice mass with strut angle 
variation for BCC LSs of constant and variable weight. 
On the other hand, the other six models of variable weight BCC LSs with strut angles 
higher than 70.53° have increase in their weight percentages with increasing the strut 
angles. The highest percentage of weight increment was found to be 30%, achieved by 
BCC LS of 100° strut angle. In this regard, it is worthwhile mentioning that the lattice 




to generate lattices with lighter weight and relatively higher mechanical characteristics. To 
explain the weight effect, it is necessary to perform a comparison between the mechanical 
characteristics before and after including the weight, viz. between the mechanical 
properties and the corresponding specific ones. Figure 5.8 shows a comparison between K 
and SK trends with strut angle variation for constant weight models.   
 
Figure 5.8: Comparison between the trends of K and SK with strut angle variation for 
BCC LSs of constant weight. 
According to Figure 5.8, it is noticeable that the stiffness values of all constant weight 
models, K trend, are scaled up by the same amount, which is equal to the radical value of 
the mass, viz. (1/0.477) measured in gram (g) units, resulting in specific stiffness values or 
SK trend. Both K and SK have the same trend since all the thirteen lattice models in the 
first generation (CWMs or FSLMs) have roughly the same weight. Whereas, K and SK 





Figure 5.9: Comparison between the trends of K and SK with strut angle variation for 
BCC LSs of variable weight. 
 Indeed, K values decrease slightly for variable weight models with strut angles higher than 
70.53°, viz. the difference in K values is not considerable. But with including the effect of 
weight, the trend of SK for strut angles higher than 70.53° decreases apparently at a level 
steeper than that of the K, owing to increasing the weight of the models in the second 
generation (VWMs or VSLMs) for strut angles higher than 70.53° as shown in Figure 5.7. 
The reverse can be concluded for variable weight models with strut angles lower than 
70.53°. Even though K values increase with decreasing the strut angles lower than 70.53°, 
the SK values increase sharply with involving the influence of the weight, which decreases 
for variable weight models of strut angles smaller than 70.53°. To this end, the general 
trends of EA and its counterpart with including the weight effect, i.e. SEA, are similar to 




5.3.3.2 Comparison Based on SK and SEA Trends 
Figure 5.2 shows the trend of SK with strut angle variation for both constant weight BCC 
LSs (represented by the curve with circular marks) and variable weight BCC LSs (indicated 
by the curve with square marks). The intersection between the two curves occurred at strut 
angle of 70.53° since the reference model was the same for both sets. After the intersection 
point, for strut angles higher than 70.53°, it is obvious that the SK of BCC LSs with 
constant weight decreases in a way such that the part of the circular mark curve on the right 
side of the intersection point moves down in order to be the square mark curve on the same 
side. However, the SK increases clearly on the left side of the intersection point from the 
circle mark curve portion to the square mark curve portion. Simply, the right-side portion 
of the SK curve goes down while the left side moves up with changing the structural design 
from constant to variable weight, which was explained by two arrows as shown in Figure 
5.2. In addition, the variation of SEA with strut angles has approximately the same trend 
as the SK variation with strut angles. The increasing and decreasing in the SK and SEA are 
predominantly affected by changing the RD trend from constant to variable weight as 
shown in Figure 5.3. All the RD values on the right side of the intersection point go down 
with changing the structural design of BCC LSs from constant to variable weight (indicated 
by a downward arrow), while those on the left side go up (indicated by an upward arrow). 
Significantly for variable weight BCC LSs, especially those on the left side of the reference 
model, it has been found that their SK and SEA increase with changing the structural design 




5.3.3.3 Comparison Based on E and Y Trends 
The values of E for all models with strut angles greater than 70.53° go down as the 
structural design of BCC LSs is changed from constant to variable weight or from fixed to 
variant strut length, but they are still higher than that of the reference model. There is 
obvious increase in all E values on the left side of the reference model with changing the 
structural design, indicated by an upward arrow as shown in Figure 5.4. The E values are 
still smaller than, with very slight difference, that of the reference model except that the 
last two models have higher values of equivalent elastic modulus than that of the reference 
model. The decrease and increase in E values were caused by a combination of the HBAR 
and RD effects since the decrement and increment directions of the both are generally 
similar to those of E trend on the right and left sides of the reference model. Interestingly, 
the HBAR tendency has a dominant effect on E trend for strut angles higher than 70.53° as 
shown in Figure 5.5. Whilst, the RD influence on the E trend is predominant for strut angles 
lower than 70.53°, especially for the last two angles, 45° and 40°, as shown in Figure 5.3.  
Similar to the trends of E, all the values of Y for strut angles higher 70.53° decrease 
with changing the structural design from constant to variable weight or from fixed to 
variant strut length. It has been observed that the resultant values of Y for strut angles 
higher than 70.53° after changing the structural design are roughly still higher than that of 
the RM as shown in Figure 5.6, but the differences among them are not significant. 
Whereas, the Y-values increase obviously for strut angles lower than 70.53° with changing 
the structural design. In a simple way as shown in Figure 5.6, the general trends of Y go 
down on the right side of the RM, indicated by a downward arrow, and go up on the left 




decrement rate on the right side of the RM for both E and Y tendencies is almost the same 
while the increment rate on the left side of the RM for the Y-values is higher than that of 
the E-values as shown in Figures 5.4 and 5.6 respectively. Once more, since there is not an 
explicit formula relating the effective Y of the overall lattice with the other mechanical and 
geometrical characteristics, it is difficult to analyze its behavior in a similar way to the E. 
As a result of that, a comprehensive and systematic analysis will be conducted in the next 
sections based on the deformation mechanisms, in order to analyze the compressive 
mechanical behavior with strut angle variation for the modified BCC LSs of fixed and 
variable strut length.   
In short, it can be deduced that the variable weight BCC LS with  strut angle of 40° 
has considerable improvements in the overall mechanical characteristics caused by 
changing the structural design from constant to variable weight or from fixed to variant 
strut length with percentages about 117%, 117%, 117% and 101% for SK, SEA, Y and E 
respectively as well as a reduction in the weight with a percentage of 20 %, all measured 
with respect to the constant weight BCC LS of 40° strut angle.   
5.4 The Results of 117 Models 
In this section, Gibson and Ashby’s coefficients (C1 ,C5 , n and m) were estimated after 
fitting the normalized data (RE and RS), ensued from FE simulation of the quasi-static 
axial compression behavior of all 117 models based on ABAQUS/EXPLICIT, with the 
scaling laws in order to create two generalized closed-form equations. These equations are 
relating RE and RS with RD in order to predict and manipulate CMPs, i.e. the equivalent 
elastic modulus (E or Elatt.) and the effective strength (Y or Ylatt.), directly through changing 




angle variation corresponding to the same range of RDs were clarified based on a possible 
switching in the deformation mechanisms from bending- to stretch-dominated. The change 
in the deformation mechanism was demonstrated through explaining the trend of n-values 
with strut angle variation. In addition, all the data of the GPs, including actual lattice 
volume, strut radius and the strut length, were measured precisely for all 117 models with 
considering the effect of material overlapping at strut joints using ABAQUS diagnostic 
tool and then correlated with RD in order to create other three generalized closed-form 
equations, which are correlating the actual lattice volume, strut radius and aspect ratio with 
RD. By this mean, it will be possible to provide a straightforward and comprehensive 
prediction for all structural parameters of the modified BCC LSs corresponding to various 
strut angles and RDs. Furthermore, a validation of all equations was achieved by comparing 
their results with those of ABAQUS FE software. In the meanwhile, prediction results of 
GPs based on the closed form-equations and the results of traditional geometrical equations 
used in the literature were compared with those of ABAQUS diagnostic tool in order to 
reveal the accuracy of the equations and the deficiency of the traditional geometrical 
equations. To this end, the influence of lattice cell tessellation on the compressive 
mechanical response and structural parameters of all lattice models was also considered 
when developing the closed-form equations in order to make them a more general purpose.        
5.4.1 Mechanical Characteristics of the Modified BCC LSs 
After the FE simulation of the quasi-static axial compression behavior of all modified BCC 
LSs based on ABAQUS FE software, the equivalent elastic modulus and effective strength 
corresponding to each lattice model were determined based on the same procedure 




5.4.1.1 Equivalent Modulus and Strength of FSLMs and VSLMs 
The measured data of equivalent elastic modulus (E or Elatt.) and effective strength (Y or 
Ylatt.) corresponding to the strut angle variation and RD values of all 117 lattice models 
were normalized relative to the modulus (Esol.) and yield stress (Ysol.) of the solid 
constitutive material respectively. These data were thereafter fitted with Gibson and 
Ashby’s scaling laws illustrated in Equations (1) and (2), which were mentioned earlier in 
section 1.2.4. The one that correlates the RE with the RD, i.e. (RE = C1RD
n), has attracted 
much attention in the earlier studies and there is another correlation for the RS with RD, 
viz. (RS = C5RD
m), which is important in identifying the failure strength limit of LSs. 
Here, RE is defined as the ratio of equivalent lattice modulus to solid constitutive material 
modulus (RE=Elatt. /Esol.) and RS is the ratio of effective strength of lattice to yield stress 
of solid constitutive material (RS=Ylatt. /Ysol.). 
After data fitting with the scaling laws, the coefficients (C1 and n) were determined 
for both FSLMs and VSLMs as shown in Figures 5.10 and 5.11 respectively, thereby 
providing closed-form equations through which the equivalent modulus of the modified 
BCC LSs can be controlled by varying the RDs for different strut angles and two design 
sets (FSLMS and VSLMS). In this regard, all the values of C1 are within the range specified 
by Gibson and Ashby, i.e. 0.1- 4 [10] [11]. Besides, the values of n are of high importance 
not only for predicting equivalent elastic modulus values but also for analyzing how the 
deformation mechanisms of LSs can change with strut angle variation, which has a major 
influence on the associated mechanical characteristics. Accordingly, the n-values were 
plotted separately with strut angles for both FSLMs and VSLMs as shown in Figure 5.12 




values of both sets are approximately similar to each other and decreases with increasing 
the strut angles, giving a conclusion that the main deformation moves toward axial loading 
rather than bending of the struts with increasing the strut angles. For this reason, RE values 
go up with increasing the strut angles for a given value of the RD.  
 
Figure 5.10: Closed-form equations relating RE with RD for FSLMs ensued from fitting 
ABAQUS data with the scaling laws. 
Furthermore, it has been frequently reported in the literature that the RE of a lattice 
increases with increasing the RD values [4] [10] [12] [13] [15] [18] [19] [39] [45] [92]  . 
Similarly, in the current work, the values of RE also increase with increasing the RD for 
both FSLMs and VSLMs as shown in Figures 5.10 and 5.11, corresponding to a certain 
strut angle. In addition, it was noticed that values of C1 and n of the RM are approximately 
similar to the ones arisen from the previous investigations [65] [93] , which were also 





Figure 5.11: Closed-form equations relating RE with RD for VSLMs ensued from 
fitting ABAQUS data with the scaling laws. 
 
Figure 5.12: The trend of the exponent values (n) with strut angle variation for (a) FSLMs 
and (b) VSLMs.  
Most importantly, it was observed from Figures 5.10 and 5.11 that C1 and n have roughly 
the same values for both FSLMs and VSLMs when making a comparison between two 




dominant effect of the strut angles on the equivalent elastic modulus values. Up to this end, 
a validation of the closed-form equations was carried out by testing their abilities for 
predicting the equivalent elastic modulus behavior with strut angle variation of the constant 
and variable weight models.  The results of the latter were presented in the previous 
sections of the current dissertation (5.3.1 and 5.3.2), as shown earlier in Figure 5.4. The 
modified BCC LSs of constant and variable weight were simulated based on ABAQUS FE 
software using Acrylonitrile Butadiene Styrene (ABS) material.  Aps it can be seen from 
Figure 5.13, there is a good agreement between the results of the equations and ABAQUS 
FE software.  
 
Figure 5.13: Validation of the closed-form equations relating RE with RD for (a) 
FSLMs and (b) VSLMs with respect to the ABAQUS prediction of constant and 
variable weight BCC LSs.      
In a similar way, the constants (C5 and m) were found as shown in Figures 5.14 and 5.15, 
resulting in another set of closed-form equations to predict directly the effective strength 
through changing the RD for all modified BCC lattice models in both sets. Again, the 
constants of FSLMs were noticed to be approximately similar to the corresponding ones of 




the range specified by Gibson and Ashby, which is between 0.1 and 1 [11]. Furthermore, 
the coefficients (C5 and m) of the RM were found to be nearly the same as those from an 
earlier investigation conducted by [93] on BCC lattice configuration. 
 
Figure 5.14: Closed-form equations relating RS with RD for FSLMs ensued from 
fitting ABAQUS data with the scaling laws. 
Similar to the equivalent elastic modulus trends, the effective strength increases with 
increasing RD at a given strut angle, and it goes up with increasing the strut angle at a 
specific value of RD. This means the general tendency for changing the deformation 
mechanisms from bending- to stretch-dominated with maintaining the same RD induces an 
improvement not only in the equivalent elastic modulus but also in the effective strength 





Figure 5.15: Closed-form equations relating RS with RD for VSLMs ensued from 
fitting ABAQUS data with the scaling laws. 
Indeed, changing the deformation mechanisms for the purpose of improving the 
mechanical response of the lattice was conducted before, conventionally by adding vertical 
struts in the direction of applying the load to the basic feature of BCC LS to create other 
features, thereby exhibiting higher CMPs at the same RD [17] [18] [19] [26] [65] [93]. In 
the current research, the leverage of switching the deformation mechanisms toward axial 
behavior instead of bending of the struts was used by reshaping the actual lattice volume 
or weight of BCC LS longitudinally in the load-direction to create other features of 
different strut angles starting from 40° to 100° with a step of 10°, thereby offering higher 
values of equivalent elastic modulus and effective strength at the same RD [92]. The 
improvement in the CMPs was attributed to the ability of the lattice to resist more axial 
deformation under compressive loading when increasing strut angles in the direction of 




equations, it is worthwhile indicating that there is a good agreement between the effective 
strength predicted directly by the closed-form equations and those extracted from 
ABAQUS FE models, i.e. constant and variable weight models, as shown in Figure 5.16. 
The effective strength trend of the constant and variable weight models was explained in 
the previous sections (5.3.1 and 5.3.2) as shown earlier in Figure 5.6.  
 
Figure 5.16: Validation of the closed-form equations relating RS with RD for (a) FSLMs 
and (b) VSLMs with respect to the ABAQUS prediction of constant and variable weight 
BCC LSs. 
It has been observed that some values of the coefficients (C1, C5, m and n) resulted from 
the current investigation might be close to the upper limit, lower limit, or even beyond the 
range of values specified by Gibson and Ashby, C1=(0.1-4),  C5=(0.1-1), m=(2 or 1), and 
n=(1.5 or 1) [10] [11] [12] [73].  This can be attributed to the fact that the geometrical 
shape of lattice unit cells and their distribution in the 3D-space, i.e. whether distributed in 
a periodic or stochastic way, have an influence on these coefficients [7] [15] [65], 
especially that Gibson and Ashby model is an open-core stochastic cellular structure while 
all the lattice models adopted in the current research are modified BCC LSs with regular 




polymeric BCC and reinforced-BCC lattice configurations have different values of C1 and 
 C5 even though they were manufactured with the same RD, thereby showing the 
dependency of these coefficients on the type of lattice unit cell [65].  Besides, it has been 
reported that the scaling factor ( C5) of  titanium triply periodic minimal surface (Ti-4V-
6Al TPMS) LSs was found to be out of the range specified by Gibson and Ashby with the 
values (1.31 and 1.39) for Gyroid and Diamond respectively, which is in turn attributed to 
the same reasons mentioned above regarding the shape and distribution of the lattice unit 
cells, as well as the residual stresses and the irregularities in the struts due to manufacturing 
process [15]. Also, it has been observed based on FEMs that the exponent (n) can have a 
range of values within (0.8-2.6) for polymeric TPMS and BCC LSs [45]. In a related work, 
it was characterized the state of deformation for photopolymer-resin TPMS LSs (P- and G-
type) as stretch- and bending-dominated with n-values, 1.741 and 2.256 respectively [16]. 
Likewise, it has also been found that the exponents (n) and (m) can have a range of values 
(between 0.92 and 2.84), and (between 1.75 and 3.5) respectively for different periodic 
metal LSs [13] [17]. This means that n-values are not necessary to be exactly 2 and 1 for 
bending- and stretch-dominated structures respectively. In essence, these coefficients are 
dependent on the topology of the unit cells and the direction of applying the load as well 
as the other factors associated with manufacturing process [15] [16] [45] [65].  
5.4.2 Structural Parameters of the Modified BCC LSs 
Not only predicting the CMPs of modified BCC LSs is of such importance in the field of 
lattice design but also predicting the associated structural parameters is of similar interest 
since any LS should have a unique combination of relatively high strength and light weight 




Regarding this combination, the former is related to the mechanical performance of the 
lattice while the latter is associated with the structural parameters. For this reason, in the 
current section, closed-form equations will be created to predict the actual lattice volume, 
strut diameter, aspect ratio and the overall lattice block volume, all with respect to the RD 
for the modified BCC LSs in both sets.  
5.4.2.1 Actual Lattice Volume of FSLMs and VSLMs 
The actual lattice volumes of all models in both sets were measured precisely using 
ABAQUS diagnostic tool with considering the material distribution at strut joints. Then, 
they were correlated with the RD to generate the corresponding closed-form equations for 
both FSLMs and VSLMs as shown in Figures 5.17 and 5.18.  
 
Figure 5.17: Closed-form equations correlating actual lattice volume with RD of 
FSLMs for strut angles (a) less and (b) higher than 70°. 
Obviously, there is a linear relationship between the actual lattice volume and RD for all 
models in both sets. Also, it has been found that the actual lattice volumes of FSLMs 
increase with increasing the strut angles, only for strut angles lower than 70° as shown in 




70° as shown in Figure 17 (b). Whereas, the actual lattice volumes of the VSLMs increase 
monotonically with increasing the strut angles for both strut angles lower and higher than 
70° as shown in Figure 18 (a) and (b) respectively. 
 
Figure 5.18: Closed-form equations correlating actual lattice volume with RD of VSLMs 
for strut angles (a) less and (b) higher than 70°. 
This is due to the fact that the strut length of VSLMs is not fixed. Indeed, it goes up with 
increasing the strut angles. In addition, it is worth noting that the VSLMs of strut angles 
(40°, 50° and 60°) offer actual lattice volumes lower than their counterparts of FSLMs 
since the strut lengths of the VSLMs corresponding to strut angles (40°, 50° and 60°) are 
lower than the corresponding ones of FSLMs which have a fixed strut length equal to the 
one of the RM. However, the reverse occurs with the VSLMs of strut angles (80°, 90° and 
100°). That means, since they have strut lengths higher the corresponding ones of the 
FSLMs, their actual lattice volumes are expected to be higher than those of FSLMs. 
Furthermore, it has been demonstrated as shown in Figure 5.19 that these equations work 
well in predicting accurately the actual lattice volumes of all lattice models in both sets by 
comparing their results with the corresponding ones of ABAQUS diagnostic tool, i.e. the 




and variable weight models were measured precisely based on ABAQUS diagnostic tool 
and enumerated earlier in Table 2.3. The good agreements between the results are attributed 
to considering the influence of material distribution at strut junctions when creating the 
current closed-form equations, thereby making them more efficient and practical than the 
geometrical Equation (7), listed below. The latter is the same as other geometrical 
equations, which were invoked in the literature by several researchers [33] [95] [96] [97]. 
        Vlatt. = 4πR
2 × √X2 + Y2 + Z2 × N3            Equation (7) 
Where R is the strut radius and N is the number of unit cells in a certain direction assuming 
that the entire LS has the same number of unit cells in all directions. Besides, X, Y and Z 
represent the unit cell edges in x, y and z directions, respectively. Significantly, the actual 
lattice volume determined by the above-mentioned equation is not accurate enough 
comparing with the results of both ABAQUS diagnostic tool and the closed-form equations 
developed in the current study as shown in Figure 5.19. This is due to not considering the 
material overlapping at strut joints, resulting in a discrepancy in the results. 
 
Figure 5.19: Validating the results of the closed-form equations relating actual lattice 
volume with RD for (a) FSLMs and (b) VSLMs with respect to those of ABAQUS 





Accordingly, Equation (7) or the other geometrical equations introduced in the literature 
are limited to small RDs. In this regard, the values of the actual lattice volume estimated 
by Equation (7) are higher than those of the ABAQUS diagnostic tool and the closed-form 
equations as it can be noticed in Figure 5.19. The reason for that is attributed to 
overestimating the actual lattice volume at strut junctions by four times, which in turn have 
a major impact on the corresponding values of RD and the associated values of the RE and 
RS.    
5.4.2.2 Strut Radius of FSLMs and VSLMs 
The data of strut radius were determined corresponding to all 117 modified BCC lattice 
models based on the parametric study conducted earlier in section 2.5 and measured 
accurately using ABAQUS diagnostic tool. Afterward, they were correlated with the values 
of RD to generate closed-form equations corresponding to each strut angle of the FSLMs 
and VSLMs as shown in Figures 5.20 and 5.21 respectively. As a result of that, it was 
formulated a power-function relationship between the strut radii and RDs with an exponent 
value around 0.57 for all lattice models of different strut angles in both sets. In general, the 
trends of strut radius with RD are similar to those of actual lattice volumes with RDs for 
both FSLMs and VSLMs. In addition, there is no need to validate the closed-form 
equations of the strut radius since all the geometries are related together. This means, if the 
closed-form equations required to estimate the actual lattice volumes with respect to RDs 
provide accurate results, the corresponding ones of the strut radius will definitely give 






Figure 5.20: Closed-form equations correlating strut radius with RD of FSLMs for strut 
angles (a) less and (b) higher than 70°. 
 
Figure 5.21: Closed-form equations correlating strut radius with RD of VSLMs for strut 
angles (a) less and (b) higher than 70°. 
 
Though, the results of the RM with different values of RD for both the closed-form 
equations of the strut radius and the geometrical Equation (8) were compared with those of 
ABAQUS diagnostic tool to show the accuracy of the former and the discrepancy of the 
latter as shown in Figure 5.22. Equation (8) given below is similar to other geometrical 










4πR2 × √X2 + Y2 + Z2
X × Y × Z
 Equation (8) 
As it can be seen from Figure 5.22, there is a good matching between the results of the 
closed-form equations relating strut radius with RD and ABAQUS diagnostic tool. 
However, Equation (8) shows a discrepancy in the results, which increases clearly with 
increasing the strut radius due to magnifying the error ensued from not considering 
properly the material overlapping at the strut joints when formulating the geometrical 
Equation (7) required to estimate the actual lattice volume of the modified BCC LSs. In 
this regard, Equation (7) is considered as an essential part of Equation (8), so any error 
embedded in Equation (7) will have an effect on the results of Equation (8).  
 
Figure 5.22: Comparing the results of both the closed-form equations of the strut radius 
and the geometrical Equation (8) with those of ABAQUS diagnostic tool corresponding 




To this end, the closed-form equations correlated the strut radius with RD are really 
important in saving human time and effort. Because using them makes it possible to reduce 
the long procedure of the parametric study discussed earlier in section 2.5 of the current 
dissertation, thereby enabling to determine directly and precisely the values of strut radius 
corresponding to any proposed RD within the specified range of strut angles for both 
FSLMs and VSLMs.  
5.4.2.3 Aspect Ratio of FSLMs and VSLMs 
The aspect ratio (R/L) can be simply defined as a ratio of strut radius (R) to strut length 
(L). The latter is considered as a diagonal length measured from one edge to another of a 
single BCC lattice unit cell. Based on ABAQUS diagnostic tool, the strut lengths 
corresponding to all strut angles of the lattice models in both sets were measured. Then, 
the strut radii were divided by the measured strut lengths to create the corresponding data 
of aspect ratio, which were thereafter correlated with RD to determine the closed-form 
equations of the aspect ratio for both FSLMs and VSLMs as shown in Figures 5.23 and 
5.24.  
 
Figure 5.23: Closed-form equations correlating aspect ratio with RD of FSLMs for strut 





Figure 5.24: Closed-form equations correlating aspect ratio with RD of VSLMs for strut 
angles (a) less and (d) higher than 70°. 
As it can be noticed, there is a power-function relationship between aspect ratio and RD 
with an exponent value around 0.57 for both FSLMs and VSLMs similar to the one ensued 
from the correlations of strut radius with RD. Indeed, this is reasonable since including the 
strut length in the closed-form equations of strut radius will only have an effect on the 
values of the scaling factors while the exponent values do not change. In addition, the 
general trends of aspect ratio with strut angle variation for FSLMs is the same as those of 
the actual lattice volume and strut radius since the strut length is kept fixed for all FSLMs. 
However, the trends of aspect ratio with strut angle variation for VSLMs is different from 
those of actual lattice volume and strut radius. In other word, the actual lattice volume and 
strut radius trends of VSLMs with strut angle variation increase monotonically with 
increasing the strut angles. Whereas the trends of aspect ratio with strut angle variation 
increase with increasing the strut angles, strictly for strut angles lower than 70° as shown 
in Figure 5.24 (a) and decrease with increasing the strut angles, only for strut angles higher 
than 70° as shown in Figure 5.24 (b). This is ascribed to the fact that VSLMs have variant 




layers of the same model corresponding to a specific strut angle. Significantly, even though 
the trends of strut radius with strut angle variation for VSLMs are different from those of 
FSLMs, the outcome of dividing the strut radius by the strut length makes the resultant 
trend of aspect ratio for VSLMs similar to FSLMs. Viz. the scaling factors and exponent 
values of the closed-form equations relating aspect ratio with RD for both VSLMs and 
FSLMs are identical.  Up to this end, the aspect ratio of the closed-form equations 
facilitates determining the strut length after estimating the strut radius, which is an essential 
step in estimating the dimensions of the lattice or overall lattice solid volume as it will be 
illustrated in the next section.  
5.4.2.4 Overall Lattice Solid Volume of FSLMs and VSLMs 
The overall lattice solid volume depends on the dimensions of a single unit cell (X, Y and 
Z), which are related to the strut length (L) and angle (θ). After estimating the strut length 
from the previous section, these dimensions can be determined using Equations (9) and 
(10), which were formulated by solving Equations (3) and (4) together with a geometrical 
condition that the base area consists of equal dimensions. The latter equations were 
presented earlier in section 2.2.    
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Therefore, the overall volume of a single unit cell and entire lattice can be estimated using 
Equation (11). 
 Vsol. = X × Y × Z × N
3 Equation (11) 
 
Where N is the number of unit cells, assuming that the entire lattice has the same number 
of unit cells in all directions. As a backward step, the overall lattice solid volume will be 
used in estimating the RD.  
5.4.3 Generalization of the Closed-Form Equations 
It is important to mention that all the closed-form equations presented here to predict both 
the CMPs and GPs were developed based on 3x3x3 lattice cell tessellation for the purpose 
of reducing the computational time as mentioned earlier in section 3.6. That number of unit 
cells were selected after a preliminary investigation of the lattice cell tessellation effect on 
the compressive mechanical behavior of the lattice. Significantly, it has been found that a 
single unit cell offers higher CMPs which decrease with increasing the number of unit cells. 
Besides, it has been observed that the general trends of the lattice mechanical response 
under compressive loading, i.e. the resultant stress-strain curves, approached each other for 
lattice cell tessellations (3×3×3, 4×4×4 and 5×5×5) due to reducing the effect of 
boundaries. Based on that, it has been deduced that the closed-form equations developed 
for predicting the values of the equivalent elastic modulus and effective strength of 3x3x3 
lattice cell arrangements can be employed to predict the same values, but for higher number 
of unit cells with including small error percentages.  In addition, the effect of lattice cell 
tessellation was embedded in the closed-form equations required to predict the actual 




While there is no need to include that effect in the corresponding ones of the strut radius 
and aspect ratio since both are independent on the number of unit cells. In this regard, it is 
worthwhile mentioning that the closed-form equations needed to predict the GPs after 
including the effect of lattice cell tessellation are applicable for any unit cell number, i.e. 
higher than or equal to 1×1×1. As a result, corresponding to given values of RD, strut angle 
and whether the type of modified BCC LSs is FSLM or VSLM, first of all, the equivalent 
elastic modulus, effective strength and the associated mechanical properties can be 
predicted properly for unit cell numbers higher than or equal 3x3x3 as explained in Figure 
5.25. Second, the GPs comprising the actual lattice volume, strut radius, aspect ratio, strut 
length and the overall solid volume of the lattice or its dimensions can also be predicted 
well for any unit cell number as shown in Figure 5.25. 
 
Figure 5.25: The logical sequence of the prediction process, starting with GPs and 





To this end, it is clear to notice that there is a logic sequence in the prediction process as 
illustrated in Figure 5.25, starting from the top to bottom with the GPs (1) since the ensued 
strut length (L) is important in predicting the GPs (2). Then, the height (H) and the base 




Chapter 6. Conclusions and Future Work 
 
6.1 Summery and Conclusions 
This research focused primarily on investigating the effect of both strut angle variation and 
structural design change from fixed to variant strut length on the mechanical performance 
of standard BCC LSs under quasi-static axial compressive loading using FEMs for the 
purpose of improving the CMPs and reducing the actual lattice volume or weight at the 
same time. To achieve that, 25 lattice models having the same strut diameters were built 
and analyzed in ABAQUS/CAE 2016 based the smart procedure. These models were 
classified into two lattice generations with strut angle variation from 40° to 100° with a 
step of 5°, corresponding to each one. In the first, the strut length is optimized to be fixed 
with strut angle variation to create 13 models of constant weight, indicated to as constant 
weight models (CWMs) or fixed strut length models (FSLMs). In the second generation, 
the strut length is designed to vary with strut angle variation to create other 13 models of 
variable weight, referred to as variable weight models (VWMs) or variant strut length 
models (VSLMs). Due to the repetition of the RM in both sets, the total number of models 
adopted to achieve the first goal of the current dissertation are 25, not 26. In addition, 
specimens of the RM with 1mm strut diameter were fabricated by FDM technology using 
ABS polymer and tested experimentally under compression to validate the boundary and 




dissertation. The experimental and finite element results of the RM were found to be in 
good agreement and hence the same conditions were used for all other models.  
In consequence, it has been shown from this investigation that the strut angle 
variation and changing the structural design have significant effects on the compressive 
mechanical characteristics of BCC LSs since all the geometries of the latter are related 
directly to the strut angle and the structural design. Significantly, the equivalent elastic 
modulus and effective strength increase monotonically with increasing the strut angles 
from 40° to 100° for constant weight BCC LSs, while the specific stiffness and specific 
energy absorption decrease monotonically corresponding to the same variation of strut 
angles for variable weight BCC LSs. So, it has been found that the constant weight BCC 
LS of 100° strut angle exhibits the highest percentages of increments in both the equivalent 
modulus and effective strength, which are about 226% and 142%. Whilst, the variable 
weight BCC LS of 40° strut angle offers the highest rates of increments in specific stiffness 
and specific energy absorption, which are about 187% for both, in a combination with a 
reduction in its weight with a percentage of 20%. In addition, changing the structural design 
from fixed to variant strut length or from constant to variable weight results in a general 
improvement in the compressive mechanical properties accompanied by an evident 
reduction in the actual lattice volume or weight for all lattice models on the left side of the 
RM corresponding to strut angles lower than 70.53° and vice versa. In conclusion, 
manipulating both the strut orientation and length help emerging new generations of BCC 
LS with minimum weights and superior mechanical properties.  
It is also worthwhile mentioning that the “smart procedure” developed within 




and plays a major role in attaining the other ongoing goals. Its efficiency has been 
demonstrated in building and analyzing BCC LSs within the same software, ABAQUS, 
thereby saving human time and effort required to take the lattice models from CAD 
program to the FE software. In other words, there is no need for the traditional saving and 
exporting procedures between two software types. In reality even for the purpose of 
fabrication, the lattice models built with smart procedure can be saved in STL file and 
exported to the 3D-printer software for processing. This is not the only advantage of using 
that procedure, but also it has been proven its capability for constructing BCC LSs of 
various geometries with automatic hexahedron mesh generation. By this way, changing the 
structural parameters for the purpose of conducting parametric studies can be performed in 
a more straightforward way without the need for adopting interfacing tools along with 
keeping hexahedron mesh element generation, resulting in a decrease in the computational 
time and an increase in the accuracy of the results.  
Furthermore, generalized closed-form equations were developed using scaling laws 
and FEMs in order to predict and provide more systematic analyses for the CMPs and GPs 
of the modified BCC LSs based on strut length and orientation with including the effect of 
lattice cell tessellation and material distribution at strut joints. For that purpose, 117 
models, originally initiated as an extended study from the 25 lattices, were built and 
analyzed with ABAQUS FE software based on the “smart procedure”. These models can 
be categorized based on the strut length into fixed strut length models (FSLMS) and 
variable strut length models (VSLMs). Each one has 63 lattice models distributed on 7 strut 
angles (40°-100° with a step of 10°) and 9 RDs (0.14-0.3 with step of 0.02) corresponding 




fixed through the layers of a certain model and fixed with strut angle variation from one 
model to another. Whereas in VSLMs, the strut length is varied with strut angle variation 
from one model to another. In addition, there are 9 models corresponding to 70.53° strut 
angle duplicated in both sets called as the RMs. For this reason, the total number of models 
adopted to achieve that goal are 117, not 126. To avoid any confusion between 25 and 117 
lattice models, it is worth indicating that all 117 lattice models have different actual lattice 
volume or weight due to varying the strut diameters. Thus, it is not precise to use the 
terminologies, constant weight models (CWMs) and variable weight models (CWMs), to 
describe the classification of 117 models whereas these terminologies were adopted before 
in classifying the 25 models.  After simulating the compressive mechanical behavior of all 
lattice models and measuring their structural parameters, the data extracted from ABAQUS 
were fitted with Gibson and Ashby’s scaling laws and correlated with RD to develop the 
generalized closed-form equations required to predict both the CMPs and the GPs. 
 In essence, it has been observed that the generalized closed-form equations can 
predict very well the CMPs of modified BCC LSs for 3x3x3 lattice unit cells. Also, it has 
been shown that these equations are still capable of predicting the CMPs for higher number 
of unit cells with small error rates, based on an investigation for the effect of the lattice cell 
tessellation on the compressive mechanical performance of the modified BCC LSs. In this 
regard, prediction of the GPs at a good level of accuracy has been demonstrated to be valid 
for any lattice cell repetitions using the generalized closed-form equations, by including 
the number of unit cells as part of these equations. Furthermore, it has been found that 
Gibson and Ashby’s coefficients as well as the geometrical factors of aspect ratios are 




noticed to be approximately the same for any two lattice models, one selected from FSLMs 
and the other from VSLMs, corresponding to the same RD and strut angle.  For this reason, 
the VSLMs of strut angles (40°, 50° and 60°) are preferred over their counterparts of the 
FSLMS corresponding to the same values of RD since the actual lattice volumes or weight 
of the VSLMs are smaller or lighter than the corresponding ones of the FSLMs. However, 
the reverse occurs with strut angles higher than 70.53° where VSLMs are heavier than 
FSLMs, thereby making the latter more preferable than the former. Also, it has been found 
that the Elatt. and Ylatt. Increase with increasing the strut angles due to the tendency of the 
deformation mechanism to move toward stretch-dominated instead of bending with 
increasing the strut angles. The conclusion from this part of the research can be summarized 
in two main points. First of all, the two lattice design sets with a variety of strut angles and 
RDs play a major role in the space-based applications where the optimization of lattice 
volume or weight is of high significance. Second, the generalized closed-form equations 
provide an efficient and straight-forward technique through which the CMPs and GPs can 
be varied or controlled by changing the RD, by this way giving the lattice designers an 
extensive insight into the mechanical properties and structural parameters of a broader 
range of BCC LSs before starting the fabrication process. By that means, it will be possible 
to save more computational time, human efforts and expenses required to conduct finite 






6.2 Recommendations for Future Work 
Several recommendations for future work were suggested in the current dissertation. First 
of all, based on the data provided by investigating the influence of strut orientation and 
length on the mechanical characteristics of the adopted lattice generations, a new category 
of FGLSs has been proposed based on building layers of different strut angles accompanied 
by either a uniform or variant strut thickness through the layers of the entire lattice, thereby 
looking forward for further tailoring and improving the compressive mechanical 
performance of BCC LSs.  
It has also been suggested as a future work to evaluate the shear behavior of BCC 
LSs due to the impact of strut angle variation and structural design change from fixed to 
variant strut length or from constant to variable weight. Furthermore, a prediction of shear 
characteristics, for instance the modulus and strength due to the shear loading, 
corresponding to each strut angle variation for both constant and variable weight models 
can be established using scaling laws and FEMs. Accordingly, generalized closed-form 
equations can also be provided for that purpose by applying a parametric study to create 
models of different RDs corresponding to each strut angle for all adopted lattice models in 
both generations and testing their shear performance based on FE simulation. Then, fitting 
the results with Gibson and Ashby’s formula, i.e. the relationships of RG and RS with RD. 
But here, RG represents the ratio of equivalent shear modulus of the lattice to the shear 
modulus of the solid material out of which the lattice is composed and RS stands for the 
ratio of the lattice effective strength due to shear loading to the shear yield stress of the 




In a similar way, it is recommended to explore the influence of strut orientation and 
length on Poisson’s ratio of the BCC LSs by measuring the axial deformation at three lattice 
faces or sides, assuming that the LS is subjected to uniaxial compressive load at a certain 
direction. First, the deformation will be measured at the lattice face where the load is 
applied. Then, it will be measured at the other two free faces or sides where there are no 
applied loads. Indeed, since a compressive load is applied on a certain face, the associated 
deformation will be negative or a type of contraction will occur on that face and the reverse 
will happen on the other two faces. By this way, two values of Poisson’s ratio will be 
produced corresponding to each applied uniaxial load. Again, the values of Poisson’s ratio 
can be predicted for each strut angle and lattice model in both generations based on the 
scaling laws and FEMs. For that purpose, a parametric study will also be conducted to 
change the RDs by varying the strut diameters corresponding to each strut angle and for all 
lattice models in both generations. Then, the compressive performance of all lattice models 
will be examined using numerical FE simulation for the sake of measuring the values of 
Poisson’s ratio. After that, the results will be fitted with Gibson and Ashby’s scaling laws, 
particularly the one which relates the relative Poisson’s ratios (RP) with RD in order to 
determine the corresponding scaling coefficients. Where, RP refers to the ratio of lattice 
Poisson’s ratio to its counterpart of the raw material from which the lattice is made. 
Furthermore, it has been proposed as a future work to investigate the mechanical 
bending behavior of lattice due to changing the strut orientation and length. In this regard, 
it is important to point out that the FEA of lattice under bending loading will be 
computationally expensive. This is attributed to the fact that the geometries of the FE lattice 




shear models. Besides, a full investigation for the effect of the strut orientation and length 
on the bending behavior requires numerous FE models, which results in higher 
computational cost and time. Therefore, it has been recommended to adopt the equivalent 
methodology to simulate the lattice mechanical bending behavior based on available data 
which were supposed to be already measured and extracted from the FE models of the 
compressive and shear loading of LSs with different strut lengths and orientations. To 
explain that, the equivalent modulus, effective strength and Poisson’s ratio ensued from 
modelling both the axial compressive and shear behavior of a single unit cell will be used 
as input mechanical properties to a solid box model with periodic boundary conditions in 
order to mimic the behavior of that single lattice unit cell. By this way, the solid box model 
will be copied and repeated in a 3D-space instead of conducting that on  a lattice single 
unit cell such that the overall lattice FE model will be transformed into a simple solid 
model, equivalent to the same size and mechanical bending behavior of the original overall 
lattice model, thereby inducing a considerable reduction in the computational time and cost 
as well as saving more human time and effort required to build and analyze lattice FE 
models under this kind of loadings.  
To this end, it has been recommended to study the influence of changing the strut 
length and orientation on the impact mechanical behavior of BCC LSs, with including the 
fracture criteria in finite element based computational model. The main goal is to explore 
whether the number of collapsed layers will change, i.e. decrease or increase, with varying 
both the strut angles and the structural design from fixed to variant strut length, which in 
turn has a considerable effect on the lattice energy absorption. By this way, it will be 




BCC LSs. In this regard, it has been recommended to set up closed-form equations relating 
the impact reaction forces and energy absorption with RDs through changing the strut 
diameter by conducting a parametric study, corresponding to each strut angle and length 
for the lattice models in both generations. By this way, it will be possible to predict the 
impact mechanical characteristics of BCC LSs corresponding to a broader range of BCC 
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